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Summary

The aim of this project was to investigate the novel use of the atomic force
microscope (AFM) as a technique in the elucidation of leukocyte abnormality. To this end,
comparative AFM imaging and elasticity studies were performed on normal and myeloid
leukaemic leukocytes.
Initially, an evaluation of techniques for the isolation of specific leukocyte (e.g.
lymphocytes, granulocytes, etc.) populations from whole blood or leukocyte concentrates,
was carried out. It was found that a silanised glass surface failed to select and immobilise a
leukocyte population. However, centrifugation of whole blood in an Isopaque-ficoll
gradient solution yielded a viable mixed leukocyte population but the cells were recovered
in a physically weakened state and were subsequently broken and damaged during
immobilisation in a smear prior to AFM analysis.
In contrast, incubation of whole blood (4°C, 6h), after layering onto a solution of
Isopaque-ficoll, yielded a mixed leukocyte population which was sufficiently robust to
allow immobilisation in a smear for AFM imaging. Further purification of a lymphocyte
population from this leukocyte isolate was achieved by layering the blood onto a
polystyrene surface coated with goat anti-human IgG antibodies. The anti-IgG antibodies
specifically selected and immobilised lymphocytes to the polystyrene and the nonspecifically bound cells were removed by washing.
The Isopaque-ficoll-isolated leukocytes were immobilised on a glass slide for AFM
imaging by rapid air-drying of a smear, followed by fixing in 96% (w/v) ethanol. The cells
were subsequently imaged by contact mode AFM and a preliminary set of values for the
parameters of cell height, width, and surface roughness were obtained for both normal and
acute myeloid leukaemia blood samples and for a Jurkat cell line. However, difficulties
experienced in defmatively identifying the different leukocyte types during AFM analysis,
coupled with low numbers of cells analysed, limited the usefulness of these values when

seeking to identify differences between cell types. AFM morphological analysis of the three
sample types revealed that the Ip-ficoll-separation had a dehydrating effect on the cells
which, in combination with air-drying and ethanol fixation, caused collapse of the nuclei in
the cells. This effect rendered the nuclear area visible in AFM images of the Ip-ficollisolated cells and was used in this study as a means of putatively identifying cell type.
AFM liquid imaging studies were performed on lymphocytes immobilised on antiIgG coated polystyrene. Attempts to image the cells in fluid using both contact and noncontact modes proved unsuccessful. The scanning action of the tip caused detachment of
the lymphocytes from the polystyrene and so the cells could not be imaged.
The AFM was also used to measure the elasticity of the leukocyte surface. A
comparative AFM analysis of the elasticity of normal and chronic myelogenous leukaemia
(CML) leukocytes was performed by making force versus indentation (F/I) measurements
of the cell surfaces of both sample types. No difference between the estimated mean cell
elasticity for Isopaque-ficoll-isolated normal (5.1 ± 1.2 nm/nN) and CML (6.3 ± 0.1
nm/nN) leukocytes was found. In addition, the Isopaque-ficoll separation did not appear to
affect the elasticity of the isolated cells. The very low elasticity values obtained were in
agreement with previous studies, and were atributed to the dehydrated state of the air-dried
cells.
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Chapter 1: Literature Review

1.1

Introduction

The cell has been the subject of extensive study by scientists, spanning over three
centuries of investigation since its discovery by Hooke in 1665. The cell is regarded as the
fundamental unit of life, and is the unit from which all organisms are constructed.
The purpose of cell study has always tended towards the reductionist viewpoint, in
that knowledge of parts of the whole, leads to an understanding of the character of the
whole. The cell is chosen as the biological unit of study on which the characterisation of the
whole organism is based. The reason for this is that the cell is the smallest unit exhibiting
the characteristics of life, namely propagation, reactivity, motility, and the generation of
metabolic energy. All living organisms display these characteristics on a larger scale and
therefore the activities of a cell can be seen as representative of the functioning of the entire
organism.
To understand fully the biology of a cell it is necessary to integrate knowledge from
both structural and functional studies. Structural information on cell architecture is
primarily generated through microscopic analysis (Becker et al., 1996) using the light
microscope, the electron microscope (EM), and more recently the scanning probe
microscopes (SPM). Knowledge of cell function has been generated by chemical and
microscopic studies, the biochemistry of the cell being analysed microscopically via
cytochemical dyes.
The earliest cytology studies were performed over three centuries ago with the light
microscope. It was used by Robert Hooke who was the first to designate the term “cell” to
describe the substructures seen in a piece of cork (Smith and Wood, 1996). Subsequent
studies led to the development of the cell theory (Schleiden and Schwann, 1831), which
ascribed the cell as the fundamental unit of all living systems. The development of
cytochemical dyes in the mid 19th century led to the identification of subcellular structures

such as the nucleus (Brown, 1831) and mitochondria (Benda, 1898) (Widnell and
Pfenninger, 1990).
The light microscope is still used today to examine the gross morphology of cells.
Living cells can be studied directly by phase microscopy, or cells can be fixed and stained
for observation by conventional bright field techniques (Section 1.2.1.2). Present staining
methods involve the application of cytochemical dyes which have specific affinity for
particular subcellular components. Various staining techniques are employed which not
only identify, but also determine the location of endogenous cellular constituents. For
example the periodic acid Schiff procedure stains carbohydrates an intense red colour
which is easily detected by brightfield microscopy. In the Feulgen reaction, the coloured
product is formed exclusively from the deoxyribose moiety of DNA, and may be used to
quantitate the relative amount of DNA in a cell (Widnell and Pfenninger, 1990).
In addition, immunocytochemical techniques are employed for more specific
localisation of intracellular constituents. Antibodies are used as highly specific probes
against a particular antigenic species. The antibodies are conjugated to a visible
cytochemical marker, such as a fluorescent molecule, which allows the binding locations to
be observed microscopically (Widnell and Pfenninger, 1990).
The light microscope has a resolution limit of 0.2 pm (Section 1.2.1) (Becker et al.,
1996). The detail of the ultrastructure of cell organelles and cell membranes is below this
resolution limit and, thus, has been investigated using higher resolution microscopic
techniques. However, the light microscope is still widely used for clinical diagnosis
(Section 1.2.1.3).
The electron microscope (EM) allows detailed investigation of cell ultrastructure. Its
resolution limit for biological samples is 2 nm, which is almost three orders of magnitude
greater than the light microscope (Section 1.2.2.1) (Becker et al., 1996). The EM has
become a routine tool in biological investigation, and has made crucial contributions to
understanding of cytoarchitecture by revealing the structure of the subcellular world, its

organelles, membranes, and some of its molecular assemblies (Widnell and Pfenninger,
1990).
At present, only X-ray diffraction can determine the molecular structure of
macromolecules with atomic resolution. X-rays are passed through a crystalline form of the
sample of interest. The resultant image is reconstructed from the diffraction patterns of Xrays off the different planes of the crystal. The diffraction patterns are analysed
mathematically to determine the organisation of the atomic layers in the original crystal and
deduce its three-dimensional molecular structure (Becker, et al., 1996). However, although
the X-rays can be used to resolve structures to atomic resolution, they cannot be focused to
form an image. Recently, the methods of scanning probe microscopy have been developed
as a form of atomic microscope. The two techniques, scanning tunneling microscopy
(STM) and atomic force microscopy (AFM), work on basically the same principle. They
are surface characterisation tools, and generate high resolution, three dimensional images of
samples surfaces by scanning a fine tip over that surface (Section 1.2.3.1).
Biological applications of the STM have primarily involved imaging the surfaces of
small biomolecular structures. Definitive data has been obtained for polypeptides, proteins
and DNA (Pizziconi et al., 1994). The AFM has been more widely applied in the study of
biological structures, the samples imaged ranging from single molecules to living cells
(Section 1.2.3.4).
Thus, there exists a range of microscopic techniques which can be used to gather
information about cell structure and function at different levels of resolution. Cell structure
alters throughout the life-span of the cell, due to differentiation, maturation, ageing and
disease. Therefore, observation of cell morphology can give the clinician valuble
information about the cell’s health status which may be applied to the diagnosis of disease
(Section 1.2.1.3, 1.3.5, 1.3.6).

1.2

Microscopy

1.2.1 The Light Microscope

1.2.1.1 Image Formation

In the light microscope three elements are needed for image formation: a source of
illumination, the specimen to be observed, and a system of lenses to focus the illumination
on the specimen and to form an image (Fig. 1).
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Fig. 1 The Light Microscope
Light from a light source is focused onto the specimen by the condenser. The image from
the objective lens is further magnified by the ocular lens. The image of the specimen can be
viewed directly with the eye or focused on a detector, such as photographic film or a video
camera.

In a light microscope the source of illumination is visable light, and the lens system
IS a series of glass lenses. The image can be viewed directly through an eyepiece or focused
on a detector, such as a photographic film or an electronic camera.
One of the most important underlying principles in image formation is that light
behaves as waves. When light passes through a lens, the image that is formed results from
a property of the waves called interference. When a specimen is observed through a series
of lenses, the image formed is a pattern of either additive or cancelling interference of the
waves that passed through the lenses, a phenomenon know as diffraction.

Resolution
The most important characteristic of any lens is its resolution, which in turn
determines the resolution obtainable by a microscope. When an infinitesimal point of light
is imaged by a simple lens, a pattern illustrated in Fig. 2 is formed in the image plane. Even
though the original specimen (the point of light in Fig. 2(a)) is minute, the image formed by
the lens is not (Fig. 2(b)). The resulting image is a spot whose size and shape are the result
of the diffraction of light going through the lens.
The size and shape of the spot that arises from an infinitesimal object will limit how
close two small objects can be and still be resolved. Resolution, and hence the size of the
diffraction-limited spot, is governed by three factors: the wavelength of the light used to
illuminate the specimen, the angular aperture, and the refractive index of the medium
surrounding the specimen. The refractive index is the change in the velocity of light as it
passes from one medium to another. The aperature is the half angle (a) of the cone of light
entering the objective lens of the microscope from the specimen (Fig. 3). It is a measure of
how much illumination that leaves the specimen actually passes through the lens, which in
turn determines the sharpness of the interference pattern, and therefore the ability of the
lens to convey information about the specimen.

Resolution is described quantitatively by the following equation:

r = 0.6lA-/n sin (a)

where r is the resolution, X is the wavelength of the light, n is the refractive index of the
medium between the specimen and the objective lens of the microscope, and (a) is the
aperture. (The constant 0.61 represents the degree to which the image points can overlap
and still be recognised as separate points by the observer). Using the shortest possible
wavelength (blue light of about 450 nm), and the optimum numerical aperture
(approximately 0.94) the limit of resolution for a glass lens used in air is 0.3 pm.
An additional method of increasing the resolution is via the use of an oil immersion
lens. When working with such a lens a layer of immersion oil is placed between the lens
and the specimen. Immersion oil has a higher refractive index than glass and therefore
allows the lens to receive more of the light transmitted through the specimen. The
resolution of an oil immersion lens is about 0.2 pm.
The limit of resolution for a lens sets the upper limit for the magnification possible
with that lens. In general, the greatest useful magnification that can be achieved with a light
microscope is about 1000 times the numerical aperture of the lens used. The numerical
aperture ranges from 1.0 to 1.4; the useful magnification of a light microscope is limited to
lOOOX in air and 1400X with immersion oil. Magnification greater than these limits is
referred to as “empty magnification”, as it provides no additional information about the
object being studied (Becker et ai, 1996).
An additional factor involved in the visibility of structures in light microscopy is
their ability to generate contrast i.e. exhibit a difference in light intensity relative to other
structures in the field. Biological specimens can be classified as amplitude objects or phase

objects depending on the way in which they affect the transmission of light. Amplitude
objects affect light intensity by light scattering or absorption (Widnell and Pfenninger,
1990). Most living biological specimens do not absorb much light and contrast can be
enhanced by staining. Chromophores present in the stains absorb light selectively at
specific wavelengths. Phase objects are specimens that induce contrast by changing the
phase of the illuminating light waves. The human eye cannot directly detect variations in
phase, only variations in light intensity. Phase differences can be converted into intensity
differences by the techniques of phase-contrast and differential-inference-contrast (DIC)
microscopy (Section 1.2.1.2).

(a)

(b)

Fig. 2 Image Formation and Resolution of a Lens
(a) The image formed by a simple lens of an infinitesimally small point of light. In the
plane where the rays come into focus, an interference pattern is formed, (b) The pattern
formed on a piece of photographic film.

Lens

Object

Fig. 3 The Angular Aperture of a Lens
The angular aperture is the half-angle (a) of the cone of light entering the objective lens of
the microscope from the specimen. The larger the angular aperture the more information the
lens can transmit. The best glass lenses have an angular aperture of about 70°.

1.2.1.2

Techniques of Light Microscopy

Bright-field microscopy refers to the compound microscope which forms a
magnified image of the specimen directly. Specimens are observed against a bright
background with the bright-field microscope. For most biological materials contrast must
be introduced by staining, which converts specimens into amplitude objects (Widnell and
Pfenninger, 1990) (Section 1.2.1.1).
The phase-contrast microscope was developed in the 1930s by Fritz Zemite and
provided a means of studying living, unstained cells directly (Widnell, and Pfenninger,
1990). When light is diffracted on passing through a lens most of the light is undeviated,
but a small amount of the light is deviated through a small angle. The deviated light is onequarter of a cycle out of phase with the undeviatcd light. In a phase-contrast microscope the
deviated and undeviated light is combined to generate interference between them. For this it
is necessary to retard the deviated light by a further quarter of a cycle (by using a phase
plate). The deviated and undeviated light will now give complete cancellation when
recombined, provided their intensities are comparable. (To achieve this, the intensity of the
undeviated light is reduced by passing it through a thin film of aluminium or silver).
Cancellation of the deviated and undeviated light gives a dark background in the image.
An object viewed with the phase-contrast microscope will alter this phase
relationship, because the light passing through the object will be retarded by an amount that
depends on the refractive index of the object and its thickness. In this case there is no
longer perfect cancellation between the deviated and undeviated light waves when they are
recombined, and the object stands out against a dark background in the final image. (It is
also possible to make an object appear dark against a bright background using a different
type of phase plate).

Phase-contrast microscopy is widely used in the fields of microbiology and tissue
culture research to study bacteria, cellular organelles and other small entities in living cells
(Becker et al., 1996).
Differential-interference-contrast (DIC) microscopy differs from phase-contrast
microscopy in that the incident light is split into two beams before it reaches the specimen.
One beam passes through and around the specimen to produce diffracted and undiffracted
rays. The second beam is a reference beam and its phase is altered by a variable amount
before it is recombined with the diffracted and undiffracted beams from the specimen. The
resulting interference pattern gives rise to the final image (Smith and Wood, 1996). DIC
microscopy is a valuable addition to phase-contrast microscopy for observing living cells
and tissues (Widnell and Pfenninger, 1990). It allows the phase of the reference beam to be
adjusted to produce optimum specimen contrast in the image, and so gives superior results
to phase-contrast microscopy (Rubbi, 1994).
Fluorescence microscopy is based on the ability of certain substances to absorb
radiant energy, and re-emit this energy as longer wavelength visible radiation. A
fluorescence microscope is similar to the conventional compound model but with the
inclusion of a number of filters. The illuminating light is passed through filters which allow
radiation of the appropriate wavelength to illuminate the specimen. A second filter selects
for the emitted radiation which is the fluorescence seen in the image (Rubbi, 1994).
One of the limitations of fluorescence microscopy is that images can be affected by
out-of-focus glare. This occurs because the whole object is illuminated. When focusing
down through the image planes of the object, the image obtained from any one plane of
focus is degraded by out-of-focus light emitted from the other planes of the specimen. This
problem can be minimised by cutting the specimen into thin sections or by using a confocal
microscope. The fluorescence microscope is a valuable tool for the analysis of cellular
substructure. It is sensitive and as few as 50 fluorescent molecules can be detected in or on
a cell. It is also specific; filters can be selected that limit excitation and emission to one
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fluorescent probe at a time, even in a complex mixture of other fluorescent molecules
(Widnell and Pfenninger, 1990).
Confocal microscopy is generally used with fluorescent optics. It images the
specimen using a bright spot of light (usually from a laser) focused through a pinhole on
the area of interest. The fluorescent light emitted from this area of the specimen passes
through a second pinhole which is confocal with the illuminating pinhole, i.e. the second
pinhole is positioned precisely where rays emitted from the illuminated area in the specimen
are focused. A detector placed at the second pinhole collects this light. Out-of-focus light
from other parts of the specimen is eliminated, as it is not focused at the detector pinhole
(Lichtman, 1994). The final image is produced from a single focal plane of the object.
Images from different depths in the specimen can be generated and stored electronically by
a computer which can be used to reconstruct the three-dimensional structure of the object.

1.2.1.3

Applications of Light Microscopy in Clinical Diagnosis

In the clinical laboratory the light microscope is a tool of diagnostic importance. The
presence of disease or abnormality in animal cells and tissues can often be determined by
simple microscopic observation. In hospital laboratories histological techniques, cytology
studies, immunocytochemistry and immunofluorescence are used to diagnose a variety of
diseases ranging from dermatological disorders to malignancies. Each of these techniques
requires examination under the light microscope for final diagnosis.
Enumeration and morphological studies of blood cells with the light microscope are
indispensable in diagnostic haematology. A full blood cell count is a routine test used not
only in the diagnosis of haematological disorders but also in the evaluation of patient health
status. A normal range for the number of leukocytes, erythrocytes and platelets per millilitre
of blood is established and any deviation from this range is an indication of abnormality.
An elevated leukocyte count, for example, can often be the first indication of leukaemia
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(Section 1.3.4.1). In the past, blood cell counts were performed manually with the aid of
the light microscope. However, manual counting has now been almost fully superseded by
automated methods which conserve time and labour in laboratories with large numbers of
samples to process.
Study of blood cell morphology involves examination of a stained peripheral blood
film with the light microscope. Erythrocytes are assessed for anisocytosis and
poikilocytosis. Anisocytosis is defined as an alteration in erythrocyte size while
poikilocytosis is an alteration in erythrocyte shape.
Anisocytosis is reflected in the present of macrocytes and microcytes in peripheral
blood or bone marrow preparations. Macrocytes are large erythrocytes, approximately 9
pm or larger in diameter, whereas the average diameter of a normal erythrocyte is 6-8 pm.
Macrocytes are commonly seen in conditions such as haemolytic anaemia and acute blood
loss, liver disease, and hypothyroidism (Harmening, 1997). Microcytes are small
erythrocytes with a diameter of less than 6 pm. Any defect that results in impaired
haemoglobin synthesis will result in a microcytic blood picture. Clinical conditions in
which microcytes may be seen as the predominant erythrocyte morphology include iron
deficiency and thalassemic conditions (Harmening, 1997).
Target cells (codocytes) and spherocytes are two common examples of erythrocyte
configuration abnormalities. Target cells in circulation appear bell-shaped, but in air-dried
blood films they appear as “targets”, with a large portion of haemoglobin displayed at the
rim of the cell. Target cells are prominent in patients with liver disease. Spherocytes are
smaller than normal red cells with a relatively concentrated haemoglobin content.
Spherocytes are produced at the final stage in the normal ageing process of erythrocytes as
well as being present in conditions such as immune haemolytic anaemia and hereditary
spherocytosis (Harmening, 1997).
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In leukocyte malignant disorders, peripheral blood smear analyses in combination
with cytochemical and immunocytochemical tests are required for disease diagnosis
(Section 1.3.5). Such examinations are commonly performed by light microscopy.
Examination of platelet morphology with the light microscope also provides
important information as to the patient’s haemostatic capability. Gross variation in platelet
morphology may be seen in infiltrative disease of the bone marrow. Large platelets may be
seen in any disorder associated with increased platelet turnover such as may occur in
idiopathic thrombocytopenic purpura or bleeding disorders (Harmening, 1997).
The light microscope is also utilised in the clinical investigation of urine and of
body fluids such as the cerebrospinal, synovial and serous fluids.
Cloudiness or turbidity of a normally clear body fluid can be an indication of
disease, and can be due to the presence of micro-organisms or high blood cell numbers.
Light microscopic investigation of stained smears of the cells present allows the
identification of a variety of infectious and non-infectious diseases (Kjeldsberg and Knight,
1982). For example, lymphocytosis of the cerebrospinal fluid is observed in a variety of
infectious and non-infectious conditions such as fungal meningitis and multiple sclerosis
(Colsen et al., 1972). A predominance of lymphocytes in the serous fluids is frequently
present in tuberculosis and in malignant effusions (Light et al., 1973). (The acculumation
of fluid in the pleural or pericardial cavities is called an effusion. The most common type of
malignacy associated with massive pleural effusions is carcinoma of the lung followed by
breast carcinoma (Kjeldsberg and Knight, 1982)).
An increased number of neutrophils in the cerebrospinal fluid may be seen in a
variety of infectious and non-infectious disorders of the central nervous system. High
neutrophil counts in the serous fluids suggest conditions such as bacterial pneumonia,
pulmonary infection, or pancreatitis (Kjeldsberg and Knight, 1982).
Plasma cells are not normally seen in healthy cerebrospinal fluid and their presence
suggests an inflammatory process. They are especially seen in acute viral diseases and
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certain chronic inflammatory conditions such as tuberculosis, syphilis, sarcoidosis, sub
acute sclerosing panencephalitis and multiple sclerosis (Oehmichen, 1976; Kromel, 1977).
Plasma cells may be seen in serous fluids from patients with rheumatoid arthritis,
malignancy, tuberculosis, and other conditions associated with lymphocytosis (Kjeldsberg
and Knight, 1982).

1.2.1.4

Limitations of the Light Microscope

The conventional bright field microscope is quite limited when applied to
morphological studies of native biological structure. Detailed study of tissues requires
preparatory steps of fixation, sectioning and staining, and the resultant specimen can only
be viewed directly in two-dimensional format, as the light microscope cannot take direct
measurements along the z axis. Derivation of the three-dimensional structure from twodimensional images of tissue sections may be performed by stereology.
In the past, stereology was most commonly used to determine the surface density of
a component. The surface density is the surface area of any component per unit volume.
The surface density can be used to assess physiological function, for example the role of
the alveoli of the lung or the exchange surface available in the placental villi. However the
use of stereological techniques to deduce three-dimensional stmcture is somewhat limited in
that only large populations of identical cells or organelles can be accurately analysed
(Bradbury, 1976).
Perhaps the most significant limitation of the light microscope is the resolution limit
imposed by the wavelength of visible light. Even using visible light with the shortest
possible wavelength, features below 0.2 pm cannot be resolved. The only way to improve
resolution is to use an illumination source with a wavelength significantly shorter than
visible light. At the turn of the century scientists began to turn from visible light to other
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forms of radiation of shorter wavelengths, and these investigations led to the development
of electron microscopy.
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1.2.2

The Electron Microscope

1.2.2.1

Image Formation

The recognition that beams of electrons have wavelike properties led to the
development of the electron microscope (EM) in the 1930s. Wavelengths as small as 0.1
nm have been recorded, which provides the basis for greatly improved resolution. There
are two types of electron microscope: the transmission electron microscope (TEM) and the
scanning electron microscope (SEM) (Kaap, 1984).
Image formation in the TEM is similar in principle to the light microscope except
that electron beams, focused with electromagnets instead of glass lenses, are used to image
the object. The human eye is not sensitive to electrons, so the final image is projected onto
a viewing screen coated with a material that fluoresces when impinged with electrons. As
the electron beam passes through the sample, the electrons collide with the constituent
atoms of the sample and are diverted or scattered. The final image is composed of a pattern
of light and dark areas. The dark areas correspond to dense atomic regions in the specimen
which have a large scattering effect on electrons thereby removing them from the beam.
The light areas correspond to less dense regions which allow electrons to pass freely. The
light and dark regions in the final image can be related to the distribution of matter in the
specimen (Becker

a/., 1996). The best resolution achievable with the TEM on biological

materials is about 1 nm (Widnell and Pfenninger, 1990).
The SEM uses electrons emitted from the specimen combined with electronic
techniques to generate an image of its surface. As a fine beam of electrons is scanned
across the specimen, molecules in the specimen become excited to higher energy levels and
emit secondary electrons. The secondaiy electrons are detected by a scintillation counter
which emits photons of light upon excitation by these incident electrons. Each photon is
used to generate an electronic signal which is used to construct an image on a cathode ray
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tube screen. Photomicrographs of the specimen are produced by photographing the screen
with a Polaroid camera. The resolving power of the SEM is 10 nm, which is considerably
less than the TEM. However, the instrument has a great depth of focus, giving twodimensional images of a specimen an impressive three-dimensional appearance (Smith and
Wood, 1996).

1.2.2.2

Applications of the Electron Microscope in Biology

The electron microscope is principally used to study the substructure and
organisation of cells and tissues. The TEM allows detailed studies of internal cell structure
to be performed and the SEM is used to characterise surface features. Living specimens
cannot be examined directly due to the requirement of electron microscopy for imaging in a
vacuum. Sample preparation is a relatively lengthy procedure in which thin slices of tissue
are fixed, dehydrated and sectioned prior to observation. For subsequent visualisation of
fine structural details, several staining techniques are employed, depending on the type of
microscope and the type of information desired.
For TEM studies the tissues are stained with solutions of salts of heavy metals such
as lead, tungsten, or uranium. These metal salts have high atomic numbers and increase
electron scattering to produce high contrast specimen images. TEM can also be utilised to
map the position of specific intracellular molecules and structures via the incorporation of
immunolabeling techniques whereby antibodies are coupled to colloidal gold particles as a
means of tagging specific antigens. The high resolution of the TEM allows precise and
sensitive determination of the intracellular distributions of these labelled molecules. For
TEM observation of very small objects like viruses or isolated organelles, the samples are
negatively stained. In negative staining the lightly stained specimen is observed by negative
contrast against a darkly stained background. The structural details of the lipid bilayer of
membranes have been elucidated by TEM using freeze-fracture techniques.
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The goal of SEM staining techniques is to emphasise the structural features of the
specimen surface. Tissue sections are mounted and coated with a layer of gold. This
enhances visualisation of the surface features and allows electrons to pass more readily
through the specimen, minimising the heating effect of the electron beam which can cause
damage to the sample (Becker et al., 1996).

1.2.2.3

Limitations of the Electron Microscope

The electron microscope has revealed significantly more structural detail in
biological samples than previous optical systems. However, the accuracy of such features
in the representation of native biological stmcture remains questionable.
As imaging is performed in an evacuated environment, living cells cannot be
examined with the electron microscope thus, it is not possible to study the same cell at
different stages in its life cycle. The specimens are subjected to rigorous and timeconsuming preparation methods involving fixation, dehydration, embedding, sectioning
and coating with metal ions. Artefacts can be introduced by any one of these steps. For
example, Buckley (1973) and Shelton and Mowczko (1979) reported the presence of
surface membrane blisters and intracellular vesicles which developed during fixation with
aldehydes. Fixation with a mixture of glutaraldehyde and osmium tetraoxide prevents
blister formation (Bowers, and Maser, 1988); however, osmium has been reported to
solubilise proteins after prolonged tissue exposure (Maupin-Szamier, and Pollard, 1978).
Preparation of specimens for electron microscopy is an expensive process. Ultrathin sectioning of tissue requires expensive microtomes with glass, diamond or sapphire
knives and specimens may need to be coated with gold or platinum to increase contrast in
the final image.
An electromicrograph is essentially a picture of a static two-dimensional section
through a cell or tissue. The question is, how successfully can a two-dimensional
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representation of a prepared, fixed cell be related to the natural three-dimensional structure
of a living, dynamic cell? Confocal microscopy has helped answer this question to a degree
by reconstmcting three-dimensional structure from two-dimensional sections. However,
the final image is that of a dead cell and at the resolution of an optical system. The
development of the ATM has helped solve this problem. The ATM allows the direct
imaging of the three-dimensional structure of both living and non-living cells, but at
impressive levels of resolution and magnification.
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1.2.3

The Atomic Force Microscope

1.2.3.1

Introduction

The AFM was invented in 1985 by Gerard Binnig, Calvin Quate, and Christoph
Gerber. It is derived from a family of microscopes called the scanning probe microscopes
(SPM) which include the scanning tunnelling, scanning ion, magnetic force, photon
scanning tunnelling, and the thermal profiler microscopes (Zhang et al., 1995). The SPM
do not use a radiation source, such as light or electrons, to image a sample. Instead, a very
fine tip is scanned over the sample surface and the interactions between the tip and sample
are transduced into a high resolution image of the surface topography. The type of
interaction measured defines the type of SPM.
The scanning tunnelling microscope (STM) was the predecessor of the AFM. In
scanning tunneling microscopy a tunnelling current is the measured tip-sample interaction.
As a sharp conducting probe is brought close to a conducting sample, electrons from the
sample surface begin to “tunnel” across the gap (about 7 A) to the probe, or vice versa. The
tunnelling current varies sharply with the probe to sample spacing e.g. the tunnelling
current will change by a factor of two for a change in separation of 1 A between the tip and
sample (TopoMetrix Explorer Instrument Operation Manual,

1996). Thus, current

fluctuations can be directly related to surface topography and used to generate a threedimensional image of the sample surface. The major restriction of the STM is that it
requires a conducting sample. Most biological materials are insulators and must be
immersed in an electrolyte or coated with a conducting material before STM imaging is
possible. Using such techniques, biological samples ranging from small biomolecular
structures (polypeptides, proteins, DNA) to cells have been successfully imaged (Pizziconi
et ai, 1994).
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The requirement for a conducting sample was overcome with the development of
the AFM which detects a surface using the attractive and repulsive atomic forces which
occur between the probe and sample when they are in close contact. Hence, both
conducting and insulating materials can be imaged with the AFM.

1.2.3.2

Image Formation

The AFM takes an image of a sample surface by moving a very fine tip mounted on
a cantilever spring across the surface. As the tip is scanned across the sample it interacts
with the surface and is deflected. These deflections are transduced into a topographic image
of the sample surface. This deflection is caused by a repulsive force occurring between the
tip and sample atoms. This repulsion occurs as the tip and sample are brought into closer
contact by the surface topography; the electron shells of the tip and sample atoms overlap
and the tip is deflected away from the surface (Goodman and Garcia, 1991).
The deflection of the cantilever is registered as an electrical signal on a detector.
Through software control from the computer the electrical signal is (a) used in the operation
of feedback to readjust the position of the tip or sample, and (b) transduced into sample
height information.
Feedback is used to keep the system operating at the chosen set force. The electrical
feedback signal is applied as a voltage to a piezoelectric element, which subsequently raises
or lowers the tip or sample stage relative to each other to restore the desired value of
cantilever deflection (operational force).
The amount of deflection of the cantilever is proportional to the topographic features
of the sample. The deflection of the cantilever at each point on the surface corresponds to
the sample height at that point. The computer plots the height information against the lateral
position of the sample to produce a three-dimensional topographic image of the surface
(Engel et al., 1997).
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1.2.3.3

Forces in AFM

In the AFM the sum of the forces that act on the tip cause the deflection of the
cantilever. These interactive forces between the tip and sample are dependant on the
distance of the probe from the sample and may be attractive or repulsive. If the interactive
force is plotted against the distance traveled by the probe a curve is produced (Fig. 3). On
the right hand side of the curve a large distance separates the tip and sample atoms and
long-range attractive forces (e.g. van der Waals forces) dominate. As the tip is brought
closer to the sample surface the attractive force increases further and the steepest part of the
curve (in the negative region of the y axis) where the attractive force reaches its maximium,
is the force range used in non-contact imaging (Fig. 3) (Section 1.2.3.4). Beyond this
point the tip and sample atoms are so close (1-2

A)

that their electron clouds begin to repel

each other electrostatically and the short-range repulsive forces begin to dominate as the
distance between the tip and sample approaches zero (Fig. 3). The force used in contact
mode imaging (Section 1.2.3.4) is in this region of the curve i.e. the positive region of the
y axis (Fig. 3). Beyond a certain point the tip and sample atoms cannot be brought any
closer and any further increase in the repulsive force will cause the tip to compress and
deform the sample. The bend of the curve is where tapping or intermittent contact mode is
operated (Fig. 3) (http://www.park.com/spmguide/l-2-l.htm).
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Fig. 3 Interatomic Force Versus Distance Curve
In contact mode imaging, the cantilever is positioned less than a few angstroms from the
sample surface and the interatomic forces between the tip and the sample are repulsive. In
non-contact mode, the cantilever is positioned tens to hundreds of angstroms from the
sample surface and the interatomic forces between the tip and the sample are attractive.
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1.2.3.4

Instrumentation

The main components of the AFM are an atomic scale tip mounted on the end of a
cantilever (barspring), a detection system, a feedback system, a piezoelectric scanner, and a
computer system (Fig. 4).
The AFM tip is the component which images the sample. AFM imaging can be
performed with the tip making physical contact with the surface (known as contact mode),
or oscillated at a finite distance above the sample surface (non-contact mode). Contact mode
is the most common operational mode. Using a low operational force, usually less than 10'^
N, the tip touches the sample surface and is raster scanned in the x-y direction across the
surface. The tip is deflected as it follows the surface profile and the deflections are
transduced into sample height information (Ratneschwar and Scott, 1994). In non-contact
mode the tip-cantilever is oscillated above the sample surface at distances of 50-150

A.

As

the tip senses the sample’s topography, changes in the resonance frequency or vibrational
amplitude of the oscillations occur. These fluctuations in vibrational amplitude are used,
instead of deflection information, to generate topographic data (TopoMetrix Explorer
Instrument Operation Manual, 1996).
Recently a new imaging mode called “tapping” mode has been developed. Tapping
mode AFM is similar to non-contact mode in that variations in the cantilever oscillations are
used to obtain sample height information (z contrast). In tapping mode the vibrating
cantilever is brought close to the sample so that at the lowest point of the oscillation it just
hits or “taps” the surface. As the tip is brought in momentary contact with the sample, the
cantilever oscillation amplitude changes. An image representing the surface topography is
obtained by monitoring these changes (http://www.park.com/spmguide/l-2-l.htm).
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(4) PHOTO
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Fig. 4 Schematic Diagram of the AFM
The APM scans a sample with a fine tip (1) mounted on a cantilever (2). Interatomic forces
between the tip and sample atoms generate a replusive force which causes the cantilever to
deflect. Deflection of the cantilever alters the position of the laser beam (3) on the
photodetector (4). A feedback mechanism (5) responds to changes in the beam’s path by
activating the z piezoelectric scanner (6) which adjusts the sample’s height so that the
deflection of the cantilever remains constant. A computer system (7) drives the scanner,
measures data, and converts the data into an image.

AFM tips are normally fabricated from silicon or silicon nitride and are available in
pyramidal, tetrahedral and conical geometries. Standard pyramidal tips are generally used
for contact mode imaging of biological materials. The geometry of the tip is critical to
successful imaging. The size of the tip determines how accurately it traces the surface
topography and the lateral resolution of the image. If the tip is larger than the surface
features of the sample, then the final image will be dominated by the shape of the tip (Fig.
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5). As long as the tip is sharper than the feature then the true end profile of the feature is
represented (Fig. 5).

(1)

SCAN

>
Image Produced

(2)

SCAN

Image Produced

Fig. 5 Diagram Illustrating Tip Imaging
(1) Where the tip is larger than the surface’s features, the image is dominated by the tip
shape. (2) Where the tip is finer than the surface’s features, the true edge profile of the
surface is imaged.

The lateral resolution of the image is determined by the radius size of the tip. This is
because the apex of the tip determines the interaction area between the tip and sample.
Ideally, the interaction area should consist of a single atom at the apex of the tip detecting a
single atom in the sample, although this is only achievable in practice with the STM (Fig.
6).
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Fig. 6 Tip/Sample Interaction in STM
In STM a tunneling current is the measured tip-sample interaction. A sharp conducting tip
is brought close to a conducting sample and electrons from the sample surface “tunnel”
across the gap to the probe or vice versa. The tunnelling current varies sharply with the tip
to sample spacing. Thus, the current fluctuations can be related to surface topography and
used to generate a three-dimensional image of the sample surface.

The nature of the specimen also plays a role in the maximum resolution achievable.
Crystalline solid specimens and many inorganic materials have been imaged at atomic scale
resolution (0.1-0.2 nm) (Ohnesorge and Binnig,

1993). However, for biological

specimens the highest lateral resolution achieved is considerably poorer at 10 nm, but this
is more than tenfold higher than the maximum resolution obtained with the light microscope
and comparable to the resolution obtained with the SEM (Ratneschwar and Scott, 1994).
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APM cantilevers are microfabricated from silicon, silicon oxide, or silicon nitride.
Weakly sprung cantilevers are chosen for imaging biological materials because they deflect
easily, thus decreasing the risk of deformation of the sample surface. The spring constant
of a cantilever determines the ease with which the cantilever deflects in response to external
forces (i.e. forces sensed by the tip) and is a characteristic of the material used to construct
the cantilever and of its geometry. The spring constant of most APM contact cantilevers
(0.03-0.06 N/m) is much lower than the intermolecular forces existing between atoms in a
sample (10 N/m). This allows the cantilever to sense the exquisitely small forces exerted on
the tip by the individual atoms in a sample (TopoMetrix Explorer Instrument Operation
Manual, 1996).
The translation of the cantilever deflection (or change in vibrational amplitude) into
a detectable signal can be achieved in several ways. The most common method is an opticsbased detection system (Fig. 7). A laser beam is reflected off the back of the cantilever onto
a position-sensitive photodetector. The reflected light is registered by the detector and
converted into an electrical signal. The photodetector is divided into four quadrants; the T-B
(Top-Bottom) and the L-R (Left-Right) quadrants. When the cantilever deflects (or changes
its oscillation), the light path of the laser changes and its position on the photodetector is
altered. The photodetector is capable of measuring displacements of light as small as 10 A.
As the ratio of pathlength between the cantilever and the photodetector to the length of the
cantilever itself, produces a mechanical amplication of the laser deflection, this system can
detect subangstrom vertical movement of the cantilever tip. The difference in light intensity
is registered by each quadrant of the detector and the overall reading is converted into a
voltage signal which is (a) used to operate feedback and (b) transduced by the computer
into sample height information (Oberleithner et ai, 1994).

28

Fig. 7 AFM Optical Detection System
The laser beam is reflected off the back of the cantilever onto the photodetector. As the
cantilever deflects (or changes its oscillation) the light path of the laser, and hence, its
position on the photodetector changes. The difference in light intensity is registered by each
quadrant and the overall reading is converted into a voltage signal which is (a) used to
operate feedback and (b) transduced into sample height information.

Feedback from the photodetector through software control from the computer,
enables the tip to maintain either a constant force or a constant height above the sample. In
constant force mode, the feedback loop tries to maintain a constant force between the tip
and sample as the tip is scanned across the surface. When the cantilever deflects or alters its
vibration frequency, the feedback loop sends a voltage to the z portion of the piezoelectric
scanner. The piezo correspondingly alters the tip to sample spacing (by moving the tip or
sample towards or away from each other) to neutralise the cantilever deflection, thus
maintaining the operational force at its set value (Hoh and Hansma, 1992). The scan speed
is limited by the response time of the feedback circuit but the total force exerted on the
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sample by the tip is controlled. Therefore this system is preferred for most AFM
applications.
Constant height mode is operated in conjunction with contact imaging only. In this
mode the deflection of the cantilever is not controlled by feedback. The cantilever responds
freely to the interaction forces which are proportional to the topography of the sample. The
sample is kept at a constant height and the surface image is constructed from deflection
information only. However, constant height mode is unsuitable for samples with large
surface corrugation, such as cells, where the force fluctuations and thus the deflections of
the cantilever would be enormous and result in tip-sample disengagement (Ratneschwar
and Scott, 1994). Constant height mode is used to obtain atomic-scale images of atomically
flat surfaces where the cantilever deflections and hence the variation in applied force is
small. This imaging mode can also be very useful for obtaining real-time images of
changing surfaces where high scan speed is essential.
The AFM is dependant on having very precise control over very small movements
of the tip and/or the sample. This is achieved using a piezoelectric scanner as an extremely
fine positioning stage to move the probe over the sample (or the sample under the probe).
The AFM electronics drive the scanner in a raster pattern in the x and y planes. Sample
height (z) data is sampled at equally spaced intervals during this process.
Piezoelectric materials are ceramics that change dimensions in response to an
applied voltage. An applied electric potential of one volt can generate a change in
diamensions of 1 A in the piezoelectric scanner. Thus, it is possible to control its movement
with precision to the level of picometers. AFM piezoelectric scanners are usually
constructed from lead zirconium titanate (PZT). A powder of crystals is compressed and
sintered resulting in a polycrystalline solid, each component crystal having its own electric
dipole moment. A “poling” process aligns the dipole moments in the polycrystalline solid
and the scanner will now respond to an applied voltage by extending or contracting in a
given direction (http://www.park.com/spmguide/l-2-l.htm).
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Many AFMs (including the AFM used in the present study) use variations of the
simple tube scanner design (Fig. 7). In this design the scanner is a hollow tube with
electrodes attached to the outside segmenting it electrically into vertical quarters for travel in
+x, +y,

-X

and -y directions. An electrode is also attached to the center of the tube to

provide motion in the z direction. When a voltage is applied the scanner will contract or
expand accordingly in the x, y, or z direction. The x and y piezoelectrics control movement
of the tip in the x and y planes in a raster pattern. As the tip is scanned across (along the x
axis) the sample data is collected in one direction only. When the scanner has completed
one line it moves back to the starting position of the second line but does not gather data
during this process. The x direction of the scanner motion is known as the fast scan
direction and the y direction is known as the slow scan direction. The z piezoelectric
portion of the scanner is responsible for movement of the sample or tip in the z plane.
The maximium scan size achievable with a paiticular piezoelectric scanner depends
upon the length, the diameter and the wall thickness of the scanner tube, and the strain
coefficients of the particular piezoelectric ceramic from which it is fabricated. Typically
AFM scanners have a lateral scan range from lOA to over 100 pm. In the verticcil direction
AFM scanners can distinguish height variations from the subangstrom range to about 10
pm (http://www.park.com/spmguide/l-2-l.htm).
The computer system controls the acquisition of data in the x and y planes by
piezoelectric driven movement of the tip in these axes, and z data is acquired through
cantilever deflection information. This data processed into a three-dimensional topograph of
the sample.
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Fig. 7 Diagram of an AFM Tube Scanner
The AFM tube scanner is a hollow tube with electrodes attached to the outside segmenting
it electrically into vertical quarters for travel in 4-x, +y, -x, and -y directions. An electrode is
attached to the center of the tube to provide motion in the z direction. When a voltage is
applied the scanner will contract or expand accordingly in the x, y or z direction.
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1.2.3.5

Biological Applications of the AFM

Applications of atomic force microscopy in the field of biological science can be
divided into the following areas; (a) imaging, (b) measurement of mechanical properties
and (c) nanomanipulation.
Since its inception in the mid 1980s the AFM has proven to be an extremely
versatile tool for imaging the fine structure of a variety of biological materials. To date,
impressive progress has been made in the application of AFM to the study of proteins,
nucleic acids, and cells (Bai et ai, 1997). Its impressive powers of resolution, combined
with less stringent sample preparation requirements, leave the AFM better equipped to
perform in situ surface studies than other microscopic methods.
Initial applications in bioimaging focused principally on imaging dead, fixed
specimens in air (Butt et al., 1990a; Gould et al., 1990). The ability of the AFM to perform
imaging in fluid has allowed real-time imaging of biological processes. Biological dynamic
events have been visualised in situ and images of living cells in physiological buffers have
been obtained (Haberle

1.2.3.5.1

^i/., 1991, 1992; Henderson

<^/., 1992).

AFM Imaging of Nucleic Acids

The first biological structure imaged with a scanning probe microscope was DNA,
using the STM (Pizziconi et al., 1984). Problems of imaging artefact and the prerequisite of
the STM for conducting samples largely led to its circumvention by the AFM for imaging
nucleic acids and other biological materials.
DNA was the pioneering biomolecule in the initial application of the AFM to biological
imaging. Initial progress was slow and the first highly reproducible AFM images of DNA
did not appear until the early 1990s (Bustamante et al., 1992; Hansma et al., 1992;
Vesenka et al., 1992). Success was due to advances made in instrumentation and to
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optimisation of the imaging environment and sample preparation techniques, as described
below. New scanning modes (e.g. tapping mode AFM) were introduced which facilitated
imaging of delicate oligonucleotides and DNA probes which were unstable under the higher
forces used in contact imaging. Improvements in probe manufacture, such as the
development of electron beam deposition, allowed fabrication of finer probes which were
better

suited

to

imaging

nucleic

acid

structure

(http://

www.digmbh.de/App/Bio/bioMain.html).
The first attempts at imaging DNA were performed in air under ambient conditions.
High capillary forces caused by a layer of surface moisture destabilised the molecule and
prevented reproducible imaging (Drake et ai, 1989). The development of fluid imaging
stabilised the DNA sufficiently to yield images with nanometer resolution (Hansma et al.,
1993; Lyubchenko et aL, 1993). A number of substrate modification approaches, such as
silanised mica and DNA spread in a protein monolayer bound to mica (Yang et aL, 1992),
were developed which further increased stability of DNA during imaging.
Initial studies focused on imaging the traditional double helical structure (Bai et aL,
1997), but soon advanced to imaging the molecule in its triplex (Felsenfeld et aL, 1987)
and quadruplex (Blackburn, 1991) form.
Once a basic procedure for reliable imaging of nucleic acids was in place, the study
of larger structures such as nucleosomes (Allen et aL, 1990) and chromosomes (Putman et
aL, 1993a; Rasch et al., 1993) followed suit. Putman et al. (1993a) and Rasch et al. (1993)
detected in situ hybridised probes and stained bands on trypsinised chromosomes at a
resolution comparable to the electron microscope.
Progression to date of the utility of the AFM in the field of nucleic acid research is
illustrated by the recent work of Kalle et al. (1996) who assessed the ability of the AFM to
detect differently expressed cytoplasmic and nuclear RNAs. The mRNAs of interest were
marked with stained in situ hybridised probes which were detected with a peroxidaselabelled antibody and visualised with diaminobenzidine (DAB). The internally precipitated
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DAB led to an increase in the height of cellular structures which created a topographical
hallmark on top of the target. The ability of the AFM to detect the topographical hallmark
was assessed and it was found that a relatively large amount of DAB had to be precipitated
inside the cell before it was detected by the AFM. However, the resolution of the AFM for
imaging RNA-m situ hybridisation signals was slightly better than that obtained using
conventional optical microscopy (Kalle et al., 1996). Further work is required to enhance
hybridisation signals before the full ability of the AFM to visualise internal cellular
molecules can be exploited.

1.2.3.5.2

AFM Imaging of Biological Membranes

As the potential of the AFM as a surface imaging tool was realised, it was only
natural that biological membranes should come under scrutiny.
Both native and reconstituted membranes have been extensively studied with the
AFM. Artificial bilayers on solid supports have been imaged at molecular resolution (Egger
et ai, 1990; Meyer et el., 1991), distinguishing individual polar head groups of the lipid
molecules and elucidating molecular packing arrangements. AFM imaging of lipid bilayers
has also allowed the fluidity properties of membranes to be assessed (Chi et al., 1993) and
provided a means of direct measurement of membrane thickness, which was previously
obtained by indirect methods.
A number of studies of natural membranes on solid supports has also been carried
out. Ruppersberg et al. (1989) observed the fine fibrous structure of cell membrane
skeletons upon scanning membrane preparations with the STM. Horber et al. (1995)
scanned excised membrane patches immobilised on a glass pipette tip with the AFM and
described a similar fibrous structure. Gould et al. (1990) imaged purple membrane on glass
and mica, coated with poly-L-lysine, and a periodic structure was seen.
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Membrane-bound proteins are particularly well suited to study by AFM.
Membranes usually absorb well onto hydrophilic surfaces thus holding membrane proteins
firmly in place and stabilising them against damage by the tip. Membrane proteins can also
be reconstituted in artificial lipid bilayers or inserted into supported lipid monolayers. For
example, Stemmer et al. (1987) imaged membranes reconstituted from porin and
phospholipid adsorbed onto thin carbon films. Variations on such techniques may also be
employed. For example, cholera toxin was bound to a supported phospholipid bilayer
containing the chorera toxin receptor and imaged with the AFM (Mou et al., 1995).
Purified membrane proteins such as gap junctions (Ploh et al., 1991; John et al., 1992; Lai
et al., 1992) and bacteriorhodopsin (Butt et al., 1990b; Worcestor et al., 1990) have been
imaged in aqueous conditions without the need for fixation. These two proteins have been
extensively characterised by electron microscopy and the results from AFM imaging are
reported to be consistent with these previous studies. For gap junctions, a direct
observation of membrane polarity (extracellular versus cytoplasmic surface) could be made
unambiguously with the AFM. Also, thickness measurements performed by the AFM
could distinguish single lipid bilayer from double lipid bilayer structures (Ratneshwar and
Scott, 1994).
Where crystallisation of membrane proteins has been achieved, it has been found
that the increased mechanical stability of the crystalline array allowed high resolution,
reliable AFM imaging to be achieved. Two-dimensional crystalline arrays of purple
membrane (Muller et al., 1996a) and aquaporin (Walz et al., 1996) were imaged at 1 nm
resolution in liquid.
One of the difficulties of imaging isolated macromolecules on solid supports is that
the molecules can become destabilised and detach upon repeated imaging. However, high
resolution images have been obtained of polypeptides and isolated proteins. Polypeptide
chains of 20 aspartate residues absorbed on CaCO, crystals were imaged under aqueous
conditions and the subnanometer resolution achieved allowed discernment of individual
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aspartate residues which were arranged in rows (Donachy et al, 1992; Wierzbicki et al.,
1994).
Large protein fibres such as actin filaments (Weisenhorn et al., 1990) and isolated
protein molecules like phosphorylase B (Edstorm et al., 1990), fibrinogen (Wigren et al.,
1991) and IgG (Han et al., 1995; Mou et al., 1996; Bai et al., 1997) have also been imaged
by the APM.

1.2.3.5.3

AFM Imaging of Cells

Dried, wet fixed (non-living) and living cells have all been imaged by the AFM.
One necessary constraint for the study of cell surfaces by AFM is that the sample is
immobilised and will not become detached or destabilised by the scanning action of the
probe. Many AFM studies have taken advantage of existing sample preparation protocols
used in conventional microscopy to immobilise biological samples on suitable substrates.
Cell preparation for AFM study can be as simple as air-drying cells on solid supports
(Gould et al., 1990; Putman et al., 1992; Shibata-Seki et al., 1994; Zachee et al., 1994), or
involve fixation with glutaraldehyde (Butt et al., 1990a; Keller et al., 1992; Braet et al.,
1996; Zhang et al., 1995; Braet et al., 1996; Zachee et al., 1996) or parafoiTnaldehyde
(Henderson, 1994; Ves^nka et al., 1995). Substrates can be pre-treated with poly-L-lysine
(Butter al., 1990a; Zachee et al., 1996) or synthetic extracellular matrix materials such as
entactin, collagen, and laminin (Vesenka et al., 1995). Cultured cells can be directly grown
on glass or plastic substrates and provide a self-adhered monolayer for AFM imaging
(Kasas et al., 1993; Oberleithner, 1994; Braet et al., 1996). Additionally, a novel cell
immobilisation system has been used in a number of studies (Haberle et al., 1991; Horber
et al., 1992; Ohnesorge et al., 1997) which involved imaging a living cell sucked onto the
end of a pipette.
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A number of reports illustrate the ease with which the AFM can be used to image
fixed cells of various types, from bacterial cells (Gould et al., 1990) and plant cells (Butt et
aL, 1990a), to cultured cells such as rat endothelial cells (Cullen et al., 1993) and hamster
ovary cells (Shibata-Seki et al., 1994).
An advantage of imaging dried, fixed cells is that it can be performed easily,
quickly, and at high resolution. However, it is difficult to preserve the integral structure of
cell surface features in dried fixed cells. A previous study by Weyn et al. (1997) reported
that air-drying of cells caused cellular artefacts like shrinkage and roughening of the
cytoplasmic structure. Also, in a review of the application of the AFM to imaging cells,
Henderson et al. (1994) reported that there have been few clear demonstrations that the
plasma membrane or any of its integral components can be visualised intact in fixed cells by
AFM.
The advent of AFM fluid imaging allowed cell studies to be performed in an
environment closer to native conditions (Henderson et al., 1992; Radmacher et al., 1992;
Chang et al., 1993; Kasas et al., 1993; Barbee et al., 1994). The use of fluid as a medium
for scanning has the added advantage of minimising adhesion forces between the probe and
sample.
Henderson et al. (1992) imaged glial cells at a resolution of 20 nm and detected the
presence of F actin under the plasma membrane surface. Ratneschwar and Scott (1994)
imaged live, cultured adult atrial cells and visualised cytoskeletal elements including muscle
sarcomeres and cross bridges. Barbee et al. (1994) imaged cultured bovine aortic
endothelial cells which were subjected to flow-induced shear stress.

Significant

reorganisation of cell morphology and cytoarchitecture in response to shearing was
observed. Kasas et al. (1993) studied living lung carcinoma cells, cultured on glass slides
and imaged in buffer. Wavelike structures were seen moving across the cell surface. These
waves were thought to be due to the dynamic movement of the living cell membrane.
Oberleither et al. (1994) scanned renal epithelial cells in buffer solution and observed
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cytoskeletal elements, dimples in the plasma membrane, and membrane-bound filaments at
a resolution of 50 nm. Braet et al. (1998) investigated the surface and submembraneous
structures of living and fixed colon carcinoma cells, skin fibroblasts, and liver
macrophages. In each case, AFM images of the living cells revealed details of the
cytoskeleton beneath the plasma membrane but yielded very little detail of surface
structures. Membrane structures such as ruffles, lamellipodia, microspikes, and microvilli
could only be resolved after fixation of cells in glutaraldehyde (Braet et al., 1998).
The exact mechanism by which the internal features of living cells can be imaged by
APM has not yet been fully resolved and at least two possibilities exist. Firstly, it is
possible that the plasma membrane may conform to the shape of the underlying rigid
structural elements and the scanning tip is simply following the contours of the membrane.
The second possibility is that the tip penetrates the membrane during imaging and makes
contact with the harder structures below (Henderson, 1994). Haydon et al. (1996)
performed a study to determine whether the AFM tip actually penetrates or deforms the cell
membrane. Cultured astrocyte cells were loaded with a fluorescent dye and it was
determined whether forces applied by the AFM tip caused dye leakage from the cells. No
leakage of dye from the cells occurred during imaging which supports the theory that the
cell membrane is compressed rather than penetrated by the tip during scanning.
From the reported studies on living cells it can be seen that AFTVI imaging facilitates
not only visualisation of the living cell surface but also the dynamic processes occurring
intracellularly and at the cell membrane. However, the best resolution achievable when
imaging the surface of cells, either living or fixed, is generally considered to be in the range
of 50-500 nm (Fritz et al., 1994; Radmacher, 1997). A number of techniques have been
used in attempt to improve AFM image resolution of soft biological samples. One of the
suggested factors limiting resolution is the mobility of the upper membrane with respect to
the lower membrane, which is anchored to the substrate, and also the mobility of
macromolecules within the membrane (Ratneschwar and Scott, 1994). At low temperatures
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cells stiffen, membrane proteins freeze into a single conformational state and lateral
diffusion is decreased. As a result higher resolution imaging becomes feasible (Prater et al.,
1991). Cells also stiffen after chemical fixation (Butt et al., 1990a) and, thus, cells have
been fixed onto solid substrates and imaged in fluid providing a less deformable sample for
contact imaging. Horber et al. (1992) imaged fixed Bacillus coagulans cells in buffer with a
resolution sufficient to illustrate the lattice structure of the cell envelope. Braet et al. (1996)
performed high resolution imaging in buffer of fixed liver endothelial cells which were
devoid of the smearing artefacts seen in images of similar but unfixed cells.
An alternative method of increasing surface rigidity is via the suction of cells onto
patch pipettes (Haberle et al., 1991; Horber et al., 1992; Ohnesorge et al., 1997). Under
these conditions the stretched conformation of the membrane limits its fluidity and
facilitated real-time imaging of viral exocytosis from an infected monkey kidney cell.
More conventional methods of labelling and staining cells have also been employed.
Immunogold labels (antibody conjugated with colloidal gold) have been used to allow the
detection of antigenic sites on the cell surface with the AFM (Haberle et al., 1991; Putman
et al., 1993b; Neagu et al., 1994).

1.2.3.5.4

AFM Imaging of Erythrocytes and Leukocytes

Erythrocytes, dried on glass, were among the first cells to be imaged with the
AFM. The doughnut shape of the cell was clearly seen and a surface roughness of 30-70
nm was recorded (Gould et al., 1990). (The surface roughness (Area Ra) is the calculation
of the average roughness value of a surface (Section 2.2.11.4)). The study performed by
Zhang et al. (1995) was the first to image the entire surface of an erythrocyte at nanometer
scale. Twenty-eight images of preselected sub-areas were taken and used to reconstruct the
entire cell surface. These AFM images demonstrated that the erythrocyte surface exhibited a
characteristic structure composed of close-packed particles with sizes ranging from a few
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nanometers to tens of nanometers. It was suggested that this particle-like morphology was
due to the two-dimensional distribution of isolated proteins or protein aggregates on the cell
surface. Previous to this work, only sections of the erythrocyte surface had been imaged at
high resolution. In a similar study Zachee et al. (1996) imaged fixed erythrocytes in air and
obtained images which were reminiscent of previous SEM micrographs.
Both fixed and living erythrocytes have been imaged in fluid with the AFM. Butt et
al. (1990a) imaged erythrocytes in buffer which were fixed with glutaraldehyde and
immobilised on poly-L-lysine treated coverglasses.

Attempts at imaging unfixed

erythrocytes under similar conditions proved unsuccessful. Living erythrocytes were soft
and easily deformed by the probe so high resolution was difficult to achieve. Successful
studies of living erythrocytes were carried out by Haberle et al. (1991) and Horber et al.
(1992). A single red blood corpuscle was immobilised on the tip of a micropipcttc and
scanned in growth medium. When stretched across the pipette tip the membrane was more
rigid with decreased lateral mobility of membrane proteins. Linear and circular structures
were detected on the membrane surface (Horber et al., 1992) which were comparable to
structures seen in previous AFM images of dried erythrocytes (Gould et al., 1990).
A number of studies have also been performed on pathological erythrocytes. Zachee
et al. (1996) observed protrusions measuring 40-80 nm on the erythrocytes of patients
suffering from spherocytosis. Such protrusions were absent on normal erythrocytes and
the other types of abnormal erythrocytes studied. In an earlier study Zachee et al. (1994)
imaged uremic echinocytes in air. These are red blood cells with spicules on the surface and
are a symptom of anaemia. Spicules and surface craters measuring 900 nm in diameter
were observed. Aikawa et al. (1996) examined the surface stmcture of membrane knobs
caused by Plasmodium falciparium infection. In this case, unfixed erythrocytes were
immobilised on a polypyrrole-coated substrate and imaged in buffer. Conical structures
with heights of 5-10 nm were observed.
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The AFM has also been used to probe internal erythrocyte structure. Takeuchi et al.
(1998) studied the structure of the membrane skeleton in dried erythrocyte ghosts using the
AFM. The skeleton was seen as a three-dimensional spectrin network with average mesh
sizes of 4800 nm^ and 3000 nm^ recorded. Prior to this work the organised structure of the
erythrocyte cytoskeleton in situ had not been described. Almquist et al. (1994) imaged
isolated spectrin on a mica support. The images showed weak indications of substructure
which were suspected to be individual subunits of the spectrin molecules.
Leukocytes have also come under scrutiny by the AFM but to a lesser extent than
erythrocytes. Gould et al. (1990) was one of the first people to image leukocytes with the
AFM. B lymphocytes were positively selected on IgG-coated glass and imaged in air.
Details as small as 10 nm were resolved on the lymphocyte surface but direct identification
of such structures was not possible. Neagu et al. (1994) imaged T lymphocytes
immobilised on glass by fixation in buffered parafonnaldehyde acetone and the cell surface
was labelled with antibody-linked colloidal gold particles. The T lymphocytes were double
labelled with anti-CD3 conjugated to fluorescein isothiocyanate (FITC) and a secondary
antibody (goat anti-mouse) linked to colloidal gold particles. Using an AFM combined with
an inverted optical microscope direct correlation was made between force and fluorescent
images demonstrating that the AFM was a reliable method for high resolution surface
antigen detection.
AFM imaging in fluid has allowed leukocytes to be studied in conditions closer to
their physiological environment. Dali et«/. (1991) performed one of the initial SPM studies
on living cells and used the STM to study the membranes of macrophages before and after
the addition of concanavalin A which binds to receptors on the cell surface. The
macrophages were grown on coverglasses which were precoated with a thin layer of
carbon or gold. The samples were covered with a thin layer of 50% glycerol-saline (0.9%
NaCl) and imaged with the STM. In the resultant images, the macrophage surface without
concanavalin A appeared smooth, while cells bound with concanavaline A showed large
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peaks on the membrane suggesting an uneven distribution of membrane receptors for this
molecule. AFM studies of leukocytes in fluid followed. Keller et al. (1992) imaged fixed
rat leukaemia cells in buffer. The cell surface appeared very smooth, high, and rounded.
Attempts at imaging live rat leukaemia cells in suspension proved more difficult and Keller
reported that the living cells were too soft for image acquisition. Braet et al. (1998) recently
succeeded in imaging the surface of a living macrophage revealing details of the
cytoskeleton. However specific membrane structures such as lamellipodin or microvilli
could only be resolved in cells which had been fixed in glutataldehyde prior to imaging
(Braet et al., 1998) .

1.2.3.5.5

Study of Dynamic Processes using the AFM

The AFM has been used on a more limited basis to investigate the dynamics of
various biological processes. Drake et al. (1989) was the first to use the AFM for real-time
studies and observed the dynamic process of fibrin polymerisation on mica. In situ studies
of cellular, protein, and biochemical processes followed.
Cellular dynamics were studied at both the surface and intracellular level.
Oberleithner et al. (1993) observed membrane invagination and 30 nm lipidic pore
formation on the plasma membrane of migrating epithelial cells while Fritz et al. (1994)
observed granule motion and redistribution of cellular components in activated platelets.
Kutnetsov et al. (1997) imaged the formation of cultured osteoblast aggregates. Such a
study illustrates the potential of the AFM to further the understanding of the formation of
tissues. Harberle et al. (1992) and Horber et al. (1992) studied the viral infection of
monkey kidney cells and real-time exocytosis of progeny virus and of viral proteins was
observed.
Protein conformational changes were studied by Thomson et al. (1996) by
positioning the AFM tip passively on top of the molecule. The protein studied was urease.
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deposited on mica, and it was observed that vertical fluctations of the cantilever were
markedly increased when urea was introduced onto the mica surface. This observation
suggested that conformational changes induced by enzymatic activity can be directly
recorded with the AFM. Muller et al. (1996b) observed protein conformational changes in
the hexagonally packed intermediate (HPI) layer of Deinococcus radiodumns. During
imaging, pores were seen to fluctuate between open and closed conformations. Lea et al.
(1992) studied the effect of the scanning action of the AFM tip on the dynamics of IgM
absorption onto mica. Unperturbed observation of the absorption process was not possible
as the cantilever tip acted as a molecular broom orienting the protein aggregates into strands
on the mica surface. In this study it was suggested that perturbation of the IgM by the tip
was due to the relatively weak interaction between the protein aggregates and the surface of
the mica. The AFM tip can thus be used to measure the strength of interactions of proteins
with surfaces. Lea et al. (1992) suggested that care should be taken when studying weakly
bound macromolecules on substrates with the AFM, as the results will be strongly
influenced by the scanning motion of the tip and the imaging forces involved.
Recent improvements in liquid imaging techniques and sample preparation
(Bustamante et al., 1997) have made it possible to visualise complex biochemical
processes. For example, Bustamante et al. (1997), using time-lapse AFM imaging,
observed the transcription of E. coli DNA by RNA polymerase in real-time. The relative
movement of RNA with respect to the DNA template was captured in AFM images. The
RNA polymerase was observed sliding along the DNA and transferring between segments
(Bustamante et al., 1997). This was the first time the transcription process was visualised.
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1.2.3.5.6

AFM Nanomanipulation of Biomolecules

The forces involved in AFM imaging can also be applied to the experimental
manipulation of membranes and macromolecules. The AFM’s precise piezoelectric
positioning control, combined with the small size of the tip, make it ideal for the imposition
of controlled localised forces. This enables the selective modification and manipulation of
the biological sample on a nanometer scale (Hoh and Hansma, 1992).
The first example of nanomanipulation of a biological specimen with the AFM, was
the dissection of gap junctions. Butt et al. (1990b) and Meyer et al. (1991), using an
increased tip force, dissected away one bilayer leaving the extracellular region of the
remaining bilayer accessible for study. Hoh et al. (1991) studied the surface structure of
gap junctions present in isolated patches of rat liver membranes. In this study the upper
membrane was stripped away by the probe exposing a hexagonal array structural pattern.
The connexon surface stmcture was imaged at 3 nm resolution.
Plasmid DNA was manipulated such that 100-150 nm pieces were excised (Hansma
et al., 1992). This technique, when combined with specific labelled probes, was used to
isolate genes of interest (DeGrooth and Putman, 1991). Thalhammer et al. (1997) used
probe sets, generated via AFM-dissection of chromosomes, to band uncut chromosomes.
Compared to standard microdissection techniques, the AFM could be used with much
higher precision for the dissection of the region of interest and subsequent nanoextraction
of DNA material (Thalhammer et al., 1997). These experiments illustrate the potential of
the AFM as a new tool in molecular cloning studies.
Rief et

al. (1997) mechanically elongated single molecules with the AFM. A

molecule of the skeletal muscle titan was attached to both the probe and substrate and
stretched as the probe was moved away from the substrate. Titan is composed of tandem
repeats of homologous globular domains of immunoglobulin and fibronectin and is
believed to be responsible for the generation of the elastic restoring force in muscle. The
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AFM force versus extension curve of titan showed a distinctive set of evenly spaced, saw
tooth like patterns with a periodicity of 25-28 nm. These transitions were identified as the
unfolding of the individual globular domains in the molecule and an applied force ot 250300 pN was required to unfold a domain.
Proteins can also be manoeuvred into various patterns using cantilever tip forces.
Lea et al (1992), using a 30 nN cantilever force, manipulated fibrinogen molecules
absorbed onto a mica substrate into the letter U. However, at higher repulsive forces the
scan area was swept clean of fibrinogen. Cullen et al. (1993) imaged ridges of IgG which
was transported across the graphite substrate by the tip and deposited at the scan
boundaries. Almquist et al. (1994) found that spectrin, isolated from erythrocyte
cytoskeleton, could be easily manipulated into linear arrays and subsequently cut into
smaller pieces by the AFM tip. This ability to manipulate proteins at the nanometer scale
has future potential in the expanding field of nanotechnology. The relationship between the
applied force and the ability to move proteins on surfaces is useful in the generation of
information relating to the strength of protein-protein and protein-surface interactions (Lea
et al., 1992).

1.2.3.5.7

AFM Measurement of Mechanical Properties of Biological
Materials

In recent times attention has turned towards using of the AFM as a force-sensing
device on the nanometer and piconewton scales. Preliminary studies on measurement of the
mechanical properties of living cells have been performed (Tao et al., 1992; Weisenhorn et
al., 1993; Radmacher et al., 1995). Elson et al. (1988) proposed that mechanical
properties, such as elasticity and adhesion, can be used to monitor cellular functions.
Previously, techniques such as the cell poker (Peterson et al., 1982; Duszyk et al., 1989)
and scanning acoustic microscopy (Hildebrand and Rugar, 1984) were used to investigate
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the mechanical properties of living cells. However, these methods lack the lateral resolution
achievable with the APM. The AFM can be used to produce spatially resolved maps of the
surface, or of material properties of a sample. Maps such as these will provide further
insights into biological structure (Heinz and Hoh, 1999).
In contact mode AFM the tip scans across the sample surface, coming into direct
physical contact with the sample (Braet et al., 1998). Therefore, when imaging the surface
of a living cell with the AFM the viscoelastic properties of the cell membrane and its
underlying organelles must be taken into account. The viscoelastic behaviour of a cell is
interpreted as the measured response of the cell surface following a sudden downward
movement of the AFM tip while it rests on the cell surface (Schmid-Schonen et al., 1981;
Tran-Son-Tay et ai, 1991; Rachmacher et ai, 1992). Due to this viscoelastic behaviour the
cell surface relaxes slowly under the applied pressure to a new equilibrium (Putman et ai,
1994).
The determination of cellular elasticity has formed one of the primary focuses of
some recent studies (Weisenhorn et al., 1993; Persch et al., 1994; Radmacher et al., 1995).
The methodology involves the acquisition of a force curve (Section 5.1) on the sample of
interest. An AFM force curve is a plot of the cantilever deflection as the tip vertically
approaches, or is withdrawn, from the sample. In a force curve of a hard substrate, such as
silicon or glass, the amount of z movement of the tip corresponds to the amount of
deflection of the cantilever. The imaging force can be calculated from the cantilever
deflection where the relationship F=kd applies (k is the spring constant of the cantilever and
d is the deflection of the cantilever). Soft samples, such as the surfaces of living cells, bend
or indent under the contact pressure of the tip. The amount of z movement of the tip is
greater than the corresponding cantilever deflection and thus, the estimation of the applied
force is too large. The difference between the vertical motion of the tip and the cantilever
deflection is the indentation of the sample by the tip, and is characteristic of the softness or
elasticity of the sample.
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Weisenhorn et al. (1993) calculated the elastic modulus of a living cell to be in the
range of 0.01-0.15 MPa and Kutnetsov et al. (1997) measured an indentation depth of 300
nm. (The measured indentation of the cell can be used to calculate Young’s Modulus,
which is a measure of the elastic compressibility (or stretchability) of a material. Young’s
Moduli range from 20 x 10'® N/m^ for steel to 2 x 10'^ N/m^ for blood cells (Kane and
Sternheim, 1983; Vinckier et al., 1996)). Tao et al. (1992) measured variations in the
elastic properties in bone (hydrated cow tibia) and elastic moduli ranging from 0.06-0.90
GPa were recorded on different substructures. The elastic and topographic features of the
internal structure of bone could thus be correlated on a hitherto inaccessible scale. Ricci and
Grattarola (1994), upon examining the elastic properties of cultured cells, found that the
cell surface was softer at the centre of the cell than at its boundaries. The cell indentation
increased from 1.7 pm at the boundaries to almost 4 pm at the centre. It was found that the
indentation was so large on the thicker portions of the cell that the entire tip penetrated the
cell, until the cantilever was pushing on its surface. It was concluded from this study that,
in order to perform less invasive imaging of living cells, observations should be restricted
to small areas of the cell surface, thus minimising rapid changes in topography and
allowing the feedback circuit to follow surface morphology without excessive indentation.
Weyn et al. (1997) examined the effect of fixation and imaging conditions on the
viscoelastic properties of malignant mesothelioma cells. The cells were cultured on glass
slides and scanned in growth medium, or air-dried and imaged in air. The hydration state of
the cells was shown to have a large effect on viscoelasticity. Air-dried cells were hard, with
little indentation achieved, and the average viscoelasticity was estimated at 1.4 nm/nN. In
contrast, the average viscoelasticity of an unfixed, hydrated cell was estimated to be 266
nm/nN.
The AFM, as an imaging device, has allowed excellent delineation of the
cytoskeletal architecture of the cell. Now the use of AFM force curves allow cytoskeletal
functioning in cell support and elasticity to be directly studied.
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Goldman and Ezzell (1996) used the APM to determine the role of the cytoskeletal
protein vinculin in the elastic properties of mouse embryonic carcinoma cells. Comparative
studies between F9 wild type and type 5.51 (which lacks vinculin) were performed. Elastic
moduli of 3.8 KPa and 2.5 KPa were calculated for F9 and type 5.51, respectively. Thus,
the lack of vinculin in type 5.51 was shown to reduce cell elasticity by approximately 20%.
Hoffman et al. (1997) assessed the role of the actin network in the elastic properties of
chicken cardiocyte cells. Cytocholasin B was used to degrade the actin network and this
resulted in a reduction of the cell’s elastic modulus by a factor of three. Braet et al. (1998),
using time-lapse imaging, observed the microfilament disruption of the cytoskeleton of skin
fibroblasts after addition of lantmnculin A. The peripheral stress fibres were seen to be
degraded first, followed by the centrally positioned fibres. The cells were softer and more
sensitive to tip contact after treatment with lantrunculin A and increased sm.earing of cellular
structures in the scanning direction was seen in images.
Thus, it can be seen that AFM force curves may be used to detennine the elastic
modulus at each point in a sample, allowing the elastic variations within the sample to be
determined. This may be applied to biological materials facilitating the correlation of
topographic and elastic features of cells.
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1.3

Leukocytes

1.3.1 Introduction

There aie approximately 5 x 10^ leukocytes per litre of peripheral blood.
Leukocytes can be divided into two main subclasses: granulocytes and mononuclear cells.
Granulocytes are characterised by their lobed nuclei and distinct lysosomal granules. The
size, number, and staining characteristics of these granules differentiate granulocytes into
neutrophils, basophils, and eosinophils. Mononuclear cells have round, unsegmented
nuclei and are subdivided into two classes of cells: lymphocytes and monocytes.

1.3.2 Mature Leukocyte Structure and Function

Neutrophils
Neutrophils are the most numerous white cell type in normal adult peripheral blood,
accounting for approximately 40% to 74% of the circulating leukocytes. They are
recognisable in Romanowsky-stained blood films by their lobed nuclei and small pink
granules in the cytoplasm (Fig. 8). Neutrophilic granules contain bacterial lactoferrin and
alkaline phosphatase. Upon maturation neutrophils spend approximately eight to ten hours
in the systemic circulation and then exit to the tissues (Harmening, 1997).
Neutrophils function in the non-specific defence of the body against fungal and
bacterial infection. The presence of micro-organisms in the tissues causes the release of a
variety of substances which are stimulatory to neutrophils. These stimulatory substances
are known collectively as chemotactic factors. The most important of these is the
complement fragment C5a, but soluble mediators released by lymphocytes and tissue
macrophages such as interleukin 1 (IL-1) and tumour necrosis factor (TNF), are also
stimulatory. Chemotactic factors occupy the neutrophil surface receptors and guide the cell
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to the site of infection. By the extension of pseudopodia the neutrophil engulfs the foreign
organism in a phagocytic vesicle. The lysosomal granules release hydrolytic enzymes into
vesicle which results in the killing and dissolution of the micro-organism (Ballister, 1994).

Eosinophils
Eosinophils account for approximately 7% of the circulating

leukocytes.

Eosinophilic granules are large, round, and contain basic mucopolysaccharides with stain
red on the application of Romanowsky stains. Typically the nucleus is bilobed (Fig. 9).
The mature cell spends about 4 to 5 hours circulating in the peripheral blood before
migrating to the tissues.
Tissue eosinophils are primarily involved in defence against parasitic infections and
in controlling the allergic response (Ballister, 1994).

Basophils
Basophils are the least numerous leukocyte type in the blood, accounting for less
than 1% of the circulating leukocytes. Basophilic granules are large, coarse and often
conceal the nucleus in a stained blood film (Fig. 10). The granules are characterised by
their avidity for the dye methylene blue and contain histamine, heparin and acid
mucopolysaccharide.
Basophils are involved in hypersensitivity and inflammatory reactions. When IgE
binds to the cell surface receptors, the basophil degranulates releasing inflammatory
mediators, such as heparin and histamine, into the surrounding tissue (Ballister, 1994).

Monocytes
The mature monocyte is a large cell (16-22 pm in diameter) with a kidney-shaped
nucleus (Fig. 11). The chromatin structure appears lace-like with small chromatin particles
connected by fine strands (Erslev and Gabuzda, 1979). Monocytes account for between
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3% to 9% of the leukocytes in the blood. They remain in circulation for 10 hours and then
exit to the tissues where they mature to become macrophages. The maturation of a
monocyte to a macrophage involves an increase in the cell’s metabolic activity. Energy
production and hydrolytic enzyme synthesis increases. The cell enlarges and can reach a
diameter greater than 50 pm (Jandl, 1987). Macrophages possess the cytological and
biochemical features of the tissue in which they develop; for example, macrophages which
develop in the alveolar tissue of the lungs depend on oxidative phosphorylation for energy
production, whereas other macrophages depend on glycolysis.
Monocytes and macrophages function primarily in the removal of aged cells, micro
organisms, and denatured plasma proteins and plasma lipids from the body. Macrophages
are also involved in the immune response. They act as antigen presenting cells (APCs), the
role of which is to take up, process, and present the processed antigen to T lymphocytes
(Fig. 13). Unprocessed antigens are not recognised by the T cells (Pallister, 1994).

Fig. 8 A Mature Neutrophil Leukocyte
The cytoplasm displays the neutrophil granules and pink staining reaction. The nucleus has
three definite lobes (Leishman stain xl2(X)) (Adapted from McDonald et al., 1978).
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Fig. 9 Mature Eosinophil Leukocytes
Three eosinophils are seen in the figure. The nuclei are bilobcd and large red staining
granules can be seen to fill the cytoplasm (May-Grunwald-Giemsa Stain xl200) (Adapted
from McDonald el al., 1978).

% '-W

Fig. 10 A Mature Basophil Leukocyte
The cytoplasm of the mature basophil is pink and large granules overlie and mask the
nucleus (Leishman Stain xl200) (Adapted from McDonald et al., 1978).
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Fig. 11 A Mature Monocyte
The cytoplasm is non-granular and stains pale grey-blue. The nucleus has an indented,
kidney shape (Leishman Stain xl2(X)) (Adapted from McDonald et al., 1978).

Lymphocytes
Lymphocytes are the second most common cell in adult blood, accounting for
between 19% to 48% of the circulating cells (Pallister, 1994). Lymphocytes in a
conventional, stained blood film vary both in size (6-10 pm in diameter) and morphology.
Differences are seen in the ratio of nucleus to cytoplasm (N:C ratio), in nuclear shape, and
in the presence or absence of azurophilic granules. Two distinct morphological types are
seen in the circulation. The first type is relatively small, is typically agranular, and has a
high N:C ratio (Fig. 12). The second type is larger, has a lower N:C ratio, contains
cytoplasmic azurophilic granules and is known as a large granular lymphocyte (Fig. 12)
(Rohi et al., 1998).
Lymphocytes are wholly responsible for the specific immune recognition of
pathogens, so they initiate adaptive immune responses. Hence, lymphocytes can be also
subclassed immunologically into T lymphocytes, B lymphocytes and natural killer (NK)
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cells. All lymphocytes are derived from bone marrow cells (pluripotent haemopoietic stem
cells), but T lymphocytes then develop in the thymus while B lymphocytes develop in the
bone marrow (adult mammals) (Roitt et al., 1998).

eft
Fig.12 Mature Lymphocytes
The top photograph is of a large lymphocyte and the bottom photograph is of a small
lymphocyte. In both cases the purple stained chromatin is surrounded by a narrow rim of
blue cytoplasm (Leishman Stain xl200).

T Lymphocytes
There are several different types of T cells. One group (T^^: T helper cells) interacts
with B cells and helps them to divide, differentiate and to make antibodies. Others interact
with mononuclear phagocytes and helps them to destroy intracellular pathogens. The
majority of T^ cells are small lymphocytes. Another subset of T cells is responsible for the
destruction of host cells which have become infected by viruses or other intracellular
pathogens. This kind of action is called cytotoxicity and these T cells are hence called Tcytotoxic (T(.) cells. Approximately 50% of T,. are small lymphocytes and 50% display
large granular lymphocyte morphology (Roitt et al., 1998).
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All types of T cells recognise antigens but only when it is presented on the surface
of the host cell by a specialised group of molecules. These molecules are encoded in a set
of genes known as the major histocompatibility complex (MHC) and are consequently
called MHC molecules. The T cells use a specific receptor, tenned the T-cell antigen
receptor (TCR) to recognise the antigen peptides bound to these MHC molecules (Fig. 13).

Antigen
presenting
cell (APC)

MHC molecule presents
peptide
Antigen peptide bound to
MHC molecule
T-cell receptor recognizes
MHC and peptide

T cell

Fig. 13 T-cell Recognition of Antigen
T cells recognise antigens that originate within other cells, such as viral peptides from
infected cells. They do this by binding specifically to antigenic peptides presented on the
su.Tace of infected cells by molecules encoded by the major histocompatibility complex
(MHC molecules). The T cells use their specific receptors (TCRs) to recognise the unique
combination of MHC molecule plus antigenic peptide. The epitope that a T cell recognises
is made up of residues from the MHC molecule and the antigen peptide.
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B Lymphocytes
Each B lymphocyte is genetically programmed to encode a surface receptor for a
particular antigen. Having recognised its specific antigen B cells multiply and differentiate
into plasma cells which produce large amount of the receptor molecule in a soluble form
which can be secreted. This is known as antibody. These antibody molecules are large
glycoproteins present in the blood and tissue fluid of all mammals. Some are carried on the
surface of B cells where they act as receptors for specific antigen, and others are free in the
blood and lymph. Contact between B cells and antigen is needed to allow the B cells to
develop into plasma cells (Roitt et al., 1998). Plasma cells are distinguished by the
eccentrically placed nucleus containing densely stained chromatin and a deep blue-green
cytoplasm (Fig. 14). The high level of secretory activity of plasma cells is reflected by the
frequency of cytoplasmic inclusions (Erslev and Gabuzda, 1979).

Fig. 14 A Mature Plasma Cell
The cytoplasm display a blue-green staining reaction and the nucleus is positioned
eccentrically (Leishman Stain xl2()0) (Adapted from McDonald et al., 1978).
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The B cell primary immunoglobulin receptor consists of two identical heavy (H)
chains and two identical light (L) chains. The L and H chains are linked together by
disulphide bonds. Secondary components (Ig-a and Ig-P) are closely associated with the
primary receptor and are thought to couple it to intracellular signalling pathways (Fig. 15).
Each immunoglobulin molecule is multifunctional. One region of the molecule is concerned
with binding to antigen while a different region mediates so-called effector functions.
Effector functions include, binding of the effector molecule to host tissues, to various cells
of the immune system, to some phagocytic cells, and to the first component (Clq) of the
classic complement system (Roitt et al., 1998).
Five distinct classes of immunoglobulin molecule are recognised in most higher
mammals, namely IgG, IgA, IgM, IgD and IgE. They differ in size, charge, amino acid
composition and carbohydrate content.

AMINO
FERMINAI^

Fab

CAKBOXYI
TERMINAL

Fig. 15 B Lymphocyte Immunoglobulin Receptor
The primary immunoglobulin consists of two identical heavy (H) chains and two identical
light (L) chains. The secondary components Ig-a and Ig-b are in close association with the
primary receptor.
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Natural Killer cells
Natural killer (NK) cells are lymphocytes which do not express antigen receptors.
They are derived from lymphoid progenitors in the bone marrow and can be functionally
distinguished from T and B cells by their ability to lyse tumour cell lines in-vitro without
prior senitisation. NK cells are morphologically large granular lymphocytes (Roitt et ai,
1998).

Lymphocyte Surface Markers
Lymphocytes express a large number of different molecules on their surfaces which
can be used to distinguish cell subsets. Many of these cell markers can now be identified by
monoclonal antibodies (Roitt et aL, 1998). A systemic nomenclature has been developed in
which the term CD (Cluster Designation) refers to groups (clusters) of monoclonal
antibodies having similar reactive patterns with tissues, cells or molecules, which are
grouped together and given a CD number (Beutler et al., 1994). The current CD antigens
for T and B lymphocytes are presented in Table 1.
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CDIO

1 CD2

j CD2

CDlla,c/CD18

1 CD2R*

[ CD2R

; CD19

j CD3

i CD20

1 CD4

CD21

CDS

CD22

CD6

CD23*

CD7

CD2S*

CD8

CD28

CD25*

CDlla / CD18

CD29

CD29

CD25*

CDS6

CD37

CD26*

CDS7

CD40

CD27

CDS8

CD45

CD28

CD71*

CD58

CD29

CD71*

CD30*

CD72

CD45

CD23*

CDS
j CDlla,

i CD16

i

; CD24
!

|cD73

1 CD48

tcD74

1 CD56*

: CD77*

CD58

* CD78

1 CD71*

I

CD73*

j:

Table 1 Lymphocyte Surface Markers
* On activated cells (Adapted from Harmening, 1997).
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T cell Surface Markers
The definitive T cell lineage marker is the T cell antigen receptor (TCR). There are
two defined types of TCR: one is a heterodimer of two disulphide-linked polypeptides (a
and P), the other is structurally similar, but consists of y and 6 polypeptides. Both
receptors are associated with a set of five polypepides and the CD3 complex, and together
form the T-cell receptor complex (TCR-CD3 complex). Approximately 90-95% of T cells
are ap T cells and the remaining 5-10% are y6 T cells (Roitt et al., 1998).
ap T cells can be further subdivided into two distinct populations by the expression
of CD4 or CDS surface markers. The T^ cells cariy the CD4 marker and the T^, cells carry
the CDS marker. The CD4^ T cells recognise their specific antigens in association with
MHC class II molecules, whereas CDS^ T cells recognise antigens in association with
MHC class I molecules. Thus, the presence of CD4 or CDS limits the type of cell with
which the T cell can interact. A small portion of aP T cells express neither CD4 or CDS.
Similarly, most y8 T cells are “double negative” for these two markers, although a few of
them are CDS"^. In contrast, most y6 T cells in the tissues express CDS.
There are also a number of other surface molecules, expressed on all T cells (pan Tcell markers) which are also found on cells of other lineages. The receptors for sheep
erythrocytes (CD2) are a good example. Under normal circumstances, the CD2 molecule,
together with the TCR-CD3 complex and other membrane bound glycoproteins, is involved
in activating T cells when it binds to the appropriate ligands. Another molecule involved in
T cell activation, CD5, is expressed on all T cells and on a subpopulation of B cells. CD7 is
present on the majority of NK cells and T cells. The surface markers present on human and
murine T cells are illustrated in Fig. 16.
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Fig. 16 Surface Markers of Murine and Human T cells
The molecule CD7 has thus far only been detected in humans, whereas Thy-1 is specific
for the mouse. Other markers in square brackets [ ] are mouse equivalents of human
markers

B Lymphocyte Surface Markers
The majority of human B cells express two immunoglobulin isotypes on their
surface: IgM and IgD. On any B cell the antigen binding sites of these isotypes are
identical. Fewer than 10% of the B cells in the circulation express IgG, IgA or IgE.
Immunoglobulin associated with the “accessory” molecules Iga (CD79a) and Igp (CD79b)
on the B cell surface form the “B cell antigen receptor” complex (Fig. 15). Iga and Igp
interact with the transmembrane segments of the immunoglobulin receptor and are involved
in cellular activation.
A number of other cell markers are expressed by both murine and human B cells
(Fig. 17). The majority of B cells carry the MHC class II antigens which are important for
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co-operative (cognate) interactions with T cells. These class II molecules consists of I-A or
I-E in the mouse, and HLA-DP, -DQ, and -DR antigens in humans. Complement receptors
for C3b (CRl, CD35), and C3d (CR2, CD21) are commonly found on B cells and are
associated with activation.
CD 19, CD20 and CD22 are the main markers currently used to identify human B
cells. Other human B cell markers are CD72 to CD78. The CD72 molecule has also been
described for murine B cells (Lyb-2) together with B220 a high molecular mass isoform of
CD45 (Lyb-5). CD40 is another important molecule on B cells which is involved in
cognate interactions between T and B cells.
B cells can be subdivided into two subsets, B-l (Mac-D, CD23') and B-2 (Mac-T,
CD23"^). The majority of B-l cells display the CD5 (Lyl) marker originally only found on
T cells. Its function on B cells is unknown, it is associated v/ith the B cell receptor (BCR)
and may be involved in the regulation of B cell activation (Roitt et al., 1998).
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Fig. 17 Surface Markers of Human and Murine Peripheral B cells.
Human equivalents of the mouse molecules are given in square brackets [ ]. B22 was
previously designated Lyb-5. Ig-alpha (Ig-a) and Ig-beta (lg-(3) chains associate with
surface immunoglobulin (slg) to form B-cell receptor complex. The CD numbers follow in
brackets ( ) on human B cells.
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1.3.3

The Origin and Development of Leukocytes

Leukocyte growth and development is termed leukopoiesis. All leukocytes originate
from a pluripotent stem cell located in the bone marrow. These precursor cells are capable
of self-renewal and are termed pluripotential as they have the capacity to differentiate along
the five different leukocytic cell lines (Lee et al., 1993). The pluripotent stem cell will
primarily differentiate to form either a lymphoid stem cell termed CFU-L (colony forming
unit-lymphocyte) or a myeloid stem cell termed CFU-GEMM (colony forming unitgranulocyte, erythrocyte, monocyte, megakaryocyte) (Beutler et al., 1994). Stimulation by
growth factors and influence by the marrow microenvironment causes stem cells to commit
to a particular cell line (Lee et ai, 1993). Once committed, the cells are termed unipotential
and can only differentiate along the chosen cell line. For example, a CFU-M can only
develop into a mature monocyte and cannot be influenced to become any other leukocyte
type.

Control of Leukopoiesis
A series of glycoproteins are required for optimal growth and differentiation of
leukopoietic progenitor cells. These glycoproteins are collectively termed haemopoietic
growth factors. They are designated as colony stimulating factors (CSFs), and each is
prefixed with the initial letter of the type of colony which it stimulates. For example the
growth factor which stimulates CFU-GEMM to produce granulocytes is known as G-CSF,
while M-CSF stimulates the production of monocytes. Multi-CSF also called interleukin 3,
regulates the proliferation and differentiation of a wide range of myeloid stem cells.
Interleukin factors 1 to 7, in certain combinations, are involved in lymphopoiesis
and T and B lymphocyte differentiation (Pallister, 1994).
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Granulopoiesis and Monopoiesis
Both granulocyte and monocyte formation occurs in the bone marrow and it appears
plausible that both cell lines share a common precursor stem cell: CFU-GEMM. A lineage
tree for normal granulopoiesis and monopoiesis is shown in Fig. 18.
Granulopoiesis is the production and maturation of the three granulocyte types in
the blood: neutrophils, eosinophils and basophils. Monopoiesis involves the production of
monocytes which circulate in the blood and develop into macrophage cells in the tissues.
Neutrophils and monocytes develop from the bipotential stem cell CFU-GM. The presence
of haemopoietic growth factors G-CSF or M-CSF determine whether CFU-GM commits to
neutrophil or monocyte production. Both eosinophils and basophils are derived from their
own committed stem cells, CFU-Eo and CFU-Bas, respectively.
Subsequent differentiation of both granulocytic and monocytic lines involves four
developmental stages: myeloblast or monoblast, the promyelocyte or promonocyte, the
myelocyte, and the metamyelocyte stages. The metamyelocyte subsequently develops into a
mature granulocyte or monocyte (Fig. 18).
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Fig.18 Lineage Tree for Normal Granulopoiesis and Monopoiesis.
CFU-GEMM = colony forming unit - granulocyte, erythrocyte, monocyte, megakaryocyte;
CFU-GM = colony forming unit - granulocyte, monocyte; CFU-Eo = colony forming unit
- eosinophil; CFU-Bas = colony forming unit - basophil; CFU-G = colony forming unit granulocyte; CFU-M = colony forming unit - monocyte.
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Lymphopoiesis

Lymphopoiesis occurs in two distinct phases. The lymphoid stem cell (CFU-L)
first differentiates in the primary lymphatic tissue to form mature antigen-committed
lymphocytes. T cell maturation occurs in the thymus gland and B cell development occurs
in the foetal liver and adult bone marrow. A lineage tree illustrating T cell and B cell
lymphopoiesis shown in Fig. 19. The second phase of development occurs in the secondary
lymphoid organs which are the spleen, lymph nodes and mucosa-associated lymphoid
tissue. This secondary cell proliferation and development occurs in response to antigen as
part of the body’s immune response (Pallister, 1994).
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Fig.l9 Lineage tree for lymphopoiesis
CFU-L = colony forming unit - lymphocyte
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Ontogency of B Lymphocytes
B cells develop directly from lymphoid stem cells in the haempoietic tissue of the
foetal liver from 8 to 9 weeks of gestation in humans. Later, the site of B cell maturation
moves from the liver to the bone marrow, where it continues throughout adult life.
B cells differentiate from lymphoid stem cells into mature B cells and may then be
driven by antigen to become memory cells or plasma cells. Memory cells are lymphocytes
which on activation wdth antigen do not differentiate into plasma cells. They remain in a
resting state until restimulated with the same antigen, and react more readily than native
lymphocytes to produce antibody. The genes coding for antibody are rearranged in the
course of progenitor cell development. Pre-B cells express cytoplasmic p. chains only. The
immature B cell has surface IgM and the mature B cell expresses IgM and IgD with equal
specificity. On antigen stimulation, the B cell proliferates and develops into a plasma cell or
a memory cell after a phase of proliferation, activation and blast transformation. Memory
cells and plasma cells are found at different sites in lymphoid tissue.
Certain B cell surface markers are expressed on inactivated cells, namely class II
MHC molecules, CD 19, CD20, CD21, and CD40. The CD 10 (CALLA) antigen is
transiently expressed on early B cell progenitors before the appearance of the heavy p
chains in the cytoplasm and then re-expressed later on cells after activation by antigen.
Other markers CD23 and CD25 are mostly found on activated B cells (Roitt et al., 1998).
The stages of B lymphocyte ontogency are illustrated in Fig. 20.
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Fig. 20 Stages of B Lymphocyte Ontogency.
The pre-B cell expresses cytoplasmic p. The pre-B cell differentiates to a mature B cell
which expresses IgM and IgD. Contact with specific antigen triggers the differentiation and
proliferation of the B lymphocytes into antibody secreting plasma cells or memory cells.

Ontogency of T lymphocytes
The first phase of T cell development occurs during foetal life; the thymus becomes
populated with committed lymphoid stem cells (Pallister, 1994). Once in the thymus, the
stem cells begin to differentiate into thymic lymphocytes (called thymocytes) under the
influence of the epithelial microenvironment. The thymus is organised into lobules. Each
thymic lobule consists of cortical and medullary regions and T-cell development occurs as
the thymocytes move from the cortex to the medulla. Differentiation markers of functional
significance appear or are lost during the progression from stem cell to mature T cells.
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Analyses of genes coding for ap and y6 T cell receptors, and other studies examining
changes in surface membrane antigens, suggest that there are at least two pathways of Tcell differentiation in the thymus. It is not known whether these pathways are distinct, but it
seems more likely that they diverge from a common pathway. Only a small proportion,
fewer than 1%, of mature thymic lymphocytes express the 78 TCR. Most thymocytes
differentiate into ap TCR cells, which account for the majority (>99%) of T lymphocytes
found in the secondary lymphoid tissues and in the circulation (Roitt, et ai, 1998).
Phenotypic analyses have shown sequential changes in surface membrane antigens
during T cell maturation. The phenotypic variations can be simplified into a three stage
model (Fig. 21).

Stage I (early) Thymocytes
There are two phases of stage I. In the first phase, the cells express CD44, CD25,
and are CD4 and CD8 . In this phase the cells are capable of giving rise to other lineages.
In the second phase they become CD44', but still remain double negative for CD4 and
CD8, and rearrange the p chain of the TCR. They express cytoplasmic but not surface
TCR-associated CD3, and are now committed to becoming T cells. They continue to
express CD7, CD2, and CD5 and proliferation markers such as the transferrin receptor
(CD71) and CD38 (a marker common to all early haemopoietic precursors) are also
expressed at this stage. None of the proliferation markers are T lineage-specific. However,
commitment of early thymocytes to become T cells is shown by the TCR-p chain gene
rearrangements, and by expression of the TCR-associated complex (CD3) in the cytoplasm
but not on the membrane (Roitt et ai, 1998).
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Stage II (intermediate or common) Thymocytes
These thymocytes account for 85% of lymphoid cells in the thymus at any one time.
They are characteristically CDT, CD44', CD25', but become CD4^, CD8^ (double
positives). Genes encoding the TCR a chain are rearranged in these intermediate
thymocytes; both chains of the ap receptor are expressed at low density on the cell surface,
in association with polypeptides of CD3-antigen receptor complex (Roitt et ai, 1998).

Stage III (mature) Thvmocvtes
Mature thymocytes show major phenotypic changes - namely loss of CDl,
presence on the cell membrane of CD3 associated with the high-density ap TCR, and the
distinction of two subsets of cells expressing either CD4 or CD8. The majority of
thymocytes at this stage lack CD38 and the transferrin receptor, and are virtually
indistinguishable from mature, circulating T cells. All these cells that are found in the
thymic medulla express the receptor CD44, believed to be involved in migration and
homing to peripheral lymphoid tissues (Roitt et ai, 1998).
A further developmental occurrence in T cell maturation is the positive and negative
selection of T cells in the thymus.
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Fig. 21 Stages of T Lymphocyte Ontogency.
The early thymocytes present in the cortical region of the thymus are derived from an
actively proliferating, self-renewing lymphoblast population which travel from the bone
marrow to the thymus. The early thymocytes express CD2 and CD5. The intermediate
thymocytes are double positives for CD4 and CDS and it is on migration to the thymic
medulla that maturation into two subsets of T cells expressing either CD4 or CDS occurs.
Both cell subsets express TCR at a high density and exit to the T-cell areas of the peripheral
lymphoid tissues, where they function as mature “helper” and “cytotoxic” T cells,
respectively.
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Positive Selection
As previously stated, T cells will only recognise antigenic peptides when they are
presented by self MHC molecules on antigen presenting cells (Fig. 13). T cells show dual
recognition of both the antigenic peptides and the polymorphic part of the MHC molecules.
(CD4, found on a subset of T cells, recognises the class II molecule but not its
polymorphic portion). Positive selection, also called thymic education, ensures that only
those TCRs with moderate affinity for MHC are allowed to develop further. T cells
displaying very high or low receptor affinities for self MHC undergo apoptosis and die in
the cortex. T cells with receptors with intermediate affinities are rescued from apoptosis,
survive, and continue along their pathway of maturation (Roitt et ai, 1998).

Negative >Selection
Some of the positively selectived T cells may have receptors that recognise self
components other than self MHC. These cells are deleted by a “negative selection” process,
which occurs in the deeper cortex at the cortico-medullary junction and in the medulla.
Thymocytes interact with self antigens presented by interdigitating cells. Only thymocytes
which fail to recognise self antigens are allowed to proceed with their development; the rest
undergo apotosis and are destroyed (Roitt et ai, 1998).
T cells at this stage of maturation (CD4^, CD8^, TCR'”) go on to express TCR at
high density and lose either CD4 or CD8 becoming “single positive” mature thymocytes.
These separate subsets of CDd"^ and CD8'^ possess special homing receptors (e.g. CD44)
and exit to the T cell areas of the peripheral lymphoid tissues and function as mature T^ and
T^, respectively. Fewer than 5% of the thymocytes leave the thymus; the rest die as a result
of the selection process or fail to express antigen receptors (Roitt et ai, 1998).
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1.3.4

Malignant Disorders of Leukocytes

Malignant disorders of leukocytes are characterised by clonal proliferation of white
blood cells. The different leukopoietic malignancies can be classified as: the leukaemias
(acute and chronic), the myelodysplastic syndromes, the non-leukaemic myeloproliferative
disorders, and the non-leukaemic lymphoproliferative disorders, (Pallister, 1994).

1.3.4.1 Leukaemia

Leukaemia is defined as a malignant disease of the haematopoietic tissue,
characterised by replacement of normal bone maiTow elements with neoplastic cells. The
leukaemic cells are frequently present in the peripheral blood and commonly invade the
reticuloendothelial tissue, including the liver, spleen, and lymph nodes. They may also
invade other tissues, infiltrating any organ of the body. If left untreated leukaemia
eventually causes death (Harmening, 1997).
Leukaemia is classified according to cell type, with regard to both cell maturity and
cell lineage. When the malignant cells are immature the leukaemia is classified as acute, and
as chronic when the malignant cells are predominantly mature. Classification according to
cell lineage further categorises the leukaemia as being of lymphoid or myeloid origin.
Myeloid leukaemia encompasses granulocytic, monocytic, megakaryotic and erythrocytic
leukaemias while lymphoid leukaemia involves the lymphocytes (Harmening, 1997).
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1.3.4.1.1

Acute Leukaemia

Acute leukaemia is characterised by an uncontrolled proliferation of poorly
differentiated cells (Pallister, 1994). The acute leukaemias can be divided into two main
classes on the basis of their haemopoietic lineage: acute lymphoblastic leukaemia (ALL) and
acute myeloid leukaemia (AML). The FAB (French-American-British) system further
classifies the acute leukaemias according to their morphological appearance on a
Romanowsky-stained bone marrow smear. Thus, ALL is divided into three subtypes, LI,
L2, and L3 while AML is divided into seven subtypes designated M1-M7. A further
subtype of AML, MO, is characterised by an absence of cytochemical reactivity (Bennett et
al., 1985).
Patients diagnosed with acute leukaemia usually experience a sudden onset of
symptoms and if left untreated the disease runs a rapidly fatal course of six months or less.
Acute leukaemia can occur at all ages, but ALL is more common in children and AML is
more common in adults (Harmening, 1997).

1.3.4.1.2

Chronic Leukaemia

In chronic leukaemia the malignant cell shows some characteristics of maturity. On
the basis of cell lineage the chronic leukaemias can be subdivided into chronic myelogenous
leukaemia (CML) and chronic lymphocytic leukaemia (CLL).
CLL is the most common type of leukaemia in older adults (over 50 years) and
involves a neoplasm of the B lymphocytes (B-CLL). Malignant proliferation of T
lymphocytes (T-CLL) can also occur, but is less common. CLL has a prolonged clinical
course, with patient survival rates of 50% five years after diagnosis and 30% after ten years
or more. Haematologically, CLL is characterised by a peripheral blood and bone marrow
lymphocytosis. The leukaemic cells are small or slightly larger than normal lymphocytes
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and have a relatively mature and well-differentiated appearance with very condensed
nuclear chromatin. Bare nuclei called smudge cells are also common.
The accumulation of masses of lymphocytes in the blood and bone marrow leads to
neutropenia, anaemia, and thrombocytopenia. Other consequences include altered humoral
immunity and a resultant increased susceptibility to infections due to the suppression of all
classes of immunoglobulins (Harmening, 1997).
Chronic myelogenous leukaemia (CML) is a clonal myeloproliferative disorder of
the haematopoietic pluripotent stem cell that has undergone neoplastic transformation and is
characterised by an excessive production of granulocytes and their precursors (Koffler and
Golde, 1981; Champlin and Golde, 1985; Kantarjian, 1988). In 90 to 95% of cases, CML
is associated with a consistent chromosomal abnormality called the Philadelphia
chromosome (Rowely, 1980). It is a characteristic translocation between chromosomes 9
and 22 and its identification is a critical part of CML diagnosis. The translocation results in
a new fusion protein being produced which is considered essential in the pathogenesis of
CML (Harmening, 1997).
CML can occur at any age but primarily occurs in adults between the ages of 30 and
50 years old. The symptoms include anaemia, thrombocytopenia, general malaise, fatigue,
irritability, and fever. The clinical course can be divided into three separate phases: chronic,
accelerated, and blastic. The chronic phase lasts between 2 to 5 years and granulocytosis
can be controlled with chemotherapy. The accelerated phase lasts 6 to 18 months and is
resistant to chemotherapy. The blastic phase lasts 3 to 4 months and is generally
unresponsive to treatment. Generally patients have a life expectancy of 3 to 4 years after
diagnosis (Kantarjian, 1988).
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1.3.4.2

The Myelodysplastic Syndromes

The myelodysplastic syndromes (MDS) are a group of haematological disorders
associated with impaired haematopoiesis of erythrocytes, granulocytes, monocytes, and
platelets. The malignant clone is thought to arise from early mutations affecting the
pluripotent stem cell committed to myeloid differentiation. A hybrid myeloid-lymphoid
phenotype can also be detected giving rise to an alternative theory that the cellular origin of
MDS is a pluripotent stem cell with the ability to differentiate into all cell lineages
(Harmening, 1997). However, the vast majority of MDS cases display a myeloid or myelomonocytic phenotype (Tricot, 1985).
MDS is most often suspected in patients presenting with anaemia which is not
responsive to standard therapies. It can be classified according to the FAB criteria into five
distinct entities: refractory anaemia (RA), refractory anaemia with sideroblasts (RAS),
refractory anaemia with excess blasts (RAEB), refractory anaemia with excess blasts in
transformation (RAEB-t), and chronic myelo-monocytic leukaemia (CMML) (Bennett,
1985).
The myelodysplastic syndromes predominantly effect the elderly but a Juvenile form
is recognised in children. There are no specific clinical manifestations and most commonly
the symptoms are those attributed to progressive bone marrow failure. Most patients die of
infection or haemorrhage but 30 to 40% of MDS cases result in acute leukaemia
transformation, with also a fatal outcome (Harmening, 1997).

1.3.4.3

Treatment of Leukaemic Disorders

The two principal aims of treatment of leukaemic malignant disorders are to
eradicate the malignant cells from the body and to provide general supportive therapy for
the patient. A variety of factors such as age, drug sensitivity, treatment approach, and
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overall disease prognosis determine the therapeutic strategy used to treat the malignancy.
The three common methods used to eradicate the malignant cells from the body are
cytoreductive chemotherapy, radiotherapy, and bone marrow transplantation, each of
which can be employed solely or in combination with each other.
Cytoreductive chemotherapy is the main treatment used for most forms of
leukaemia and involves the administration of highly cytotoxic drugs which, in general,
interfere with cell division by blocking DNA or RNA synthesis. Treatment is administered
in phases with cycles of drug treatment interspersed with treatment-free cycles to allow the
recovery of the normal haemopoietic tissue. Combinations of drugs are used to increase the
cytotoxic effect, improve remission, and to reduce the risk of drug resistance. The main
disadvantage of chemotherapy is that it is not selective, and both normal and malignant
tissues are affected by the cytotoxic drugs. Side-effects can range from mild influenza-like
symptoms to pulmonary toxicity and neurotoxicity (Gale, 1986).
Ionising radiation may be used to target localised tumours, causing the disruption of
chemical bonds in cellular DNA and proteins. Modern radiotherapy and imaging equipment
facilitate accurate targeting of tumours, but a certain degree of damage to surrounding tissue
is unavoidable. The short term effects of radiotherapy include bone marrow hypoplasia,
gastrointestinal haemorrhage and diarrhoea with cardiac and renal damage. Long-term
exposure to ionising radiation is carcinogenic, particularly when alkylating cytotoxic drugs
and radiotherapy are used concurrently (Pallister, 1994).
In bone marrow transplantation the patient’s bone marrow is completely eradicated
with chemotherapy and irradiation. The marrow is subsequently infused with healthy
marrow cells. The transplanted marrow can be derived from an HLA (human leukcx:yte
antigen)-compatible donor or may be a sample from the patient which was harvested during
disease remission. The infused cells engraft and repopulate the recipient marrow with
healthy haematopoietic tissue. Engraftment takes 3 to 4 weeks and haematology values
return to normal in 2 to 3 months (Gale, 1986). Bone marrow transplantation is a rigorous
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process and can have severe complications including infections, haemorrhage, and graftversus-host disease. It is not a suitable treatment for all patients with leukaemia and is
generally offered to patients under 45 years of age who are otherwise in good condition
physically (Harmening, 1997).
Newer experimental therapies are also being studied including the use of new
drugs, various monoclonal antibodies and gene therapy strategies (Blaese,

1997;

Harmening, 1997).

1.3.4.4

The Non-Leukaemic Malignant Disorders

The non-leukaemic malignant disorders are an extremely diverse group of disorders
which can be divided, according to the origin of the

malignant

clone,

into

myeloproliferative and lymphoproliferative types.

The malignant myeloproliferative

disorders

polycythaemia

include

the

primary

proliferative

(PPP),

primciry

tlirombocythaemia, and idiopathic myelofibrosis. The malignant lymphoproliferative
disorders include multiple myeloma (MM), Hodgkin’s disease (HD), and the various nonHodgkin’s lymphomas (NHL) (Pallister, 1994).

1.3.4.4.1

The Non-Leukaemic Myeloproliferative Disorders

The non-leukaemic myeloproliferative disorders are characterised by a hypercellular
bone marrow and increased quantities of one or more of the cell lineages (i.e. erythrocytes,
leukocytes, and platelets) in the peripheral blood. A physical hallmark in 60% to 100% of
cases is splenomegaly. Most cases of myeloproliferative disorders occur in middle-aged
and elderly people (Bick, 1993).
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Primary Proliferative Polycythaemia
Primary proliferative polycythaemia (PPP) is a malignant disorder of haempoietic
stem cells characterised by absolute erythrocytosis and commonly, a moderately increased
granulocyte and platelet count. The defining criterion for a polycythaemia is a rise in
venous packed cell volume (PCV) to more than 0.53 in males, or more than 0.51 in
females (Pallister, 1994).
The presenting features of PPP are complications associated with the absolute
increase in red cell mass. Splenomegaly is common, with vascular engorgement and
extrameduallary haematopoiesis and fibrosis (Pallister, 1994).

Thrombocytosis, in

conjunction with hyperviscosity and high blood volume, contributes to increased
incidences of thrombosis and haemorrhage (Dawson and Ogston, 1970).
The life expectancy of untreated patients with PPP is averaged at 6 to 36 months
(Chievitz and Thiede, 1962), although adequate control and monitoring of the disease
allows patients a relatively normal lifespan. At present no treatment can completely
eradicate this disease. The primary aim of treatment is to reduce the risk of thrombosis and
to relieve the symptoms caused by the accumulating erythrocyte mass. This can be achieved
quickly by red cell and platelet apheresis and removal of up to 500 ml of blood, performed
every 2 to 3 consecutive days, greatly relieves symptoms and causes a reduction in the
PCV (Bick, 1993). Myelosuppressive therapy may also be employed using alkylating
agents, but this form of treatment has been associated with higher rates of transformation to
leukaemic disease (Weinfeld et al., 1994).

Primary Thrombocythaemia
Primary thrombocythaemia is a malignant clonal disorder characterised by
hyperplasia and a marked increase in the circulating platelet count (in excess of 600 x 10^/1)
(Fialkow, 1981; Murphy et al., 1986; Hand et al., 1987). Many patients are asymptomatic
at diagnosis (Belluce, 1986). The main presenting features of symptomatic patients are
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thromboembolic complications secondary to the elevated platelet count, and haemorrhagic
complications secondary to platelet dysfunction (Mitus etai, 1990).
Thrombosis is caused by intravascular clumping of platelets. Vascular occlusive
symptoms are usually related to small vessel obstruction, although larger vessel occlusive
events such as myocardial infarction and stroke may occur. Haemorrhagic manifestations
include gastrointestinal bleeding, and severe bleeding and bruising following trauma.
Primary thrombocythaemia gives rise

to

no

unique

clinical,

haematological

or

histopathological symptoms and so diagnosis is made by exclusion of other conditions
(Harmening, 1997).
Many cases of thrombocythaemia follow a relatively benign course which do not
require treatment. The usual therapeutic strategy is to lower the circulating platelet count by
apheresis and by the use of alkylating agents (Pallister, 1994).

Idiopathic Myelofibrosis
Myelofibrosis occurs in a wide spectmm of myeloproliferative disorders and is
characterised by progressive collagen fibrosis of the bone marrow spaces, megakaryocytic
hyperplasia

and extramedullary

haemopoiesis

(Lewis,

1985).

The

haemopoietic

abnormalities arise from the mutation of a single multipotent stem cell, with bone marrow
fibrosis occurring as a secondary non-neoplastic process (Harmening, 1997).
Idiopathic myelofibrosis is a chronic progressive disorder with such an insidious
onset that the patient may be symptom-free for years. In advanced stages of the disease
massive

splenomegaly

may

be

present

which

is

secondary

to

extramedullary

haematopoiesis and fibrosis, as well as congestion from increased blood flow through the
celiac axis. Blood flow to the spleen may be increased as much as ten times which also
leads to severe portal hypertension. Stem cells capable of self-renewal may circulate via the
splenic vein and give rise to extramedullary tumours (Jandl, 1987). Myelofibrosis can also
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hav^e metabolic consequences resulting in symptoms of night sweats, fever, anorexia, and
weight loss (Harmening, 1997).
In the majority of cases, treatment of idiopathic myelofibrosis consists of splenic
irradiation to reduce the size of the spleen and relieve symptoms of massive splenomegaly,
such as erythrocyte and platelet sequestration or portal hypertension. A normochromic
anaemia is found in most patients at presentation and becomes more severe as the
myelofibrosis progresses. The anaemia is treated by blood transfusion or with haematinic
therapy if iron or folate deficiency is present (Pallister, 1994).
The haematological features change as the myelofibrosis progresses.

The

morphological changes to the blood cells become increasingly abnomial with abundant
nucleated red cells,

immature

granulocytes

and

“teardrop”

poikilocytosis

being

characteristic findings. The leukocyte count is variable but declines as the disease
progresses, with an increase in immature myeloid cells becoming evident in the peripheral
blood. Eosinophil and basophil numbers may also be increased. The platelet count may be
normal, elevated or decreased, and thrombocytopenia becomes more prevalent as the
disease progresses. Giant dysplastic platelets are common, and megakaryocytic fragments
and dwarf magakaryocytes may also be present (Harmening, 1997).
Patients with myelofibrosis make up extremely heterogeneous populations and
survival rates vary considerably. The median survival is approximately 5 years from the
time of diagnosis. However, two subpopulations have been identified. The first comprises
a low risk group, characterised by a benign or slowly progressive disease with a median
survival of 10 years or longer. The second high risk group is distinguished by a short
survival time of 2 years. Many patients in this group die after acute blastic transformation
(Harmening, 1997).
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1.3.4.4.2 The Non-Leukaemic Lymphoproliferative Disorders

The non-leukaemic lymphoproliferative disorders are a group of malignant clonal
disorders of the lymphopoietic system (Pallister, 1994).

Multiple Myeloma
Multiple Myeloma (MM) is a B lymphoid malignancy which is characterised by
proliferation of a malignant clone of plasma cells which synthesise and secrete excessive
amounts of monoclonal immunoglobulin (Pallister, 1994).
The malignant plasma cell is thought to arise from mutations which occur in the
developmental period when mature B cells are becoming plasmablasts. A mutated
plasmablast is then relocated via the blood to the bone marrow, where it produces a colony
of identical mutated plasma cells referred to as a clone. Tumour masses develop from
clones of abnormal cells and are termed plasmacytomas. Some abnormal cells travel to
different locations in the bone marrow and establish new clones (Potter, 1992). The
mutated plasma cells also produce high concentrations of interleukin-6 and other cytokines
which induce plasma cell replication and lead to the production of multiple plasmacytomas
(Klein and Bataille, 1992).
MM is predominantly a disease of the elderly with a median age of diagnosis of 62
years. The most common presenting features of MM are bone pain and hypocalcaemia,
secondary to osteolysis, anaemia and uraemia secondary to renal impairment (caused by
deposition of immunoglobulin in the kidney tubules), and respiratory tract infection
secondary to defective humoral immunity (Pallister, 1994). Normocytic anaemia is a
common haematological feature of multiple myeloma and, as the disease progresses, the
platelet and leukocyte count may also decrease. The most characteristic finding in a
peripheral blood smear is rouleaux of erythrocytes caused by increased amounts of
immunoglobulins in the blood causing the cells to adhere to each other. As the disease
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progresses plasma cells, tear-drop-shaped erythrocytes and earlier forms of leukocytes may
appear in the peripheral blood. Such features, in conjunction with other tests (bone marrow
biopsy, serum protein electrophoresis, immunoelectrophoresis, quantitation of serum
immunoglobulins and radiological bone survey) allow a diagnosis of multiple myeloma to
be established (Harmening, 1997)
Chemotherapy is the primary treatment for MM and involves the use of alkylating
dmgs and glucocorticoids (Harmening, 1997). It is successful in reducing tumour cell load
and establishing disease remission. However, the duration of remission varies widely from
a few months to several years, but relapse is inevitable and is frequently unresponsive to
further treatment (Pallister, 1994). Younger patients (under the age of 55 years) may be
treated experimentally with allogeneic bone marrow transplants. Unfortunately this
procedure is associated with a 30% to 50% chance of death from infections or
complications of donor-recipient mismatch known as graft-versus-host disease (Boccadoro
and Pileri, 1992).

The Lymphomas
The malignant lymphomas are a heterogeneous group of diseases that arise from
cells of the lymphoid tissue (lymphocytes, histocytes, and reticulum cells). They are
broadly divided into two major categories of Hodgkin’s disease (HD) and the nonHodgkin’s lymphomas (NHL) (Pallister, 1994).

Hodgkin’s Disease
Hodgkin’s disease is a malignant proliferation of the morphologically characteristic
Reed-Stemberg cell and its variants. The Reed-Sternberg cell is thought to be of lymphoid
origin and can be derived from a T or a B lymphocyte depending on the histological
subtype of the disease (Banks, 1994). The Reed-Sternberg cell is the cytological hallmark
of HD. It is large (up to 45 pm in diameter) with abundant acidiophilic cytoplasm, a
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multinucleated or polylobed nucleus and very large inclusion-like nucleoli. The presence of
these cells suggests the possibility of HD and aids in the subclassification of the disease
(Harmening, 1997).
The disease usually begins in the lymph nodes but can spread to the extra-medullary
organs, such as the liver and the spleen, in the advanced stages. The most common
presenting feature in HD is the presence of painless, asymmetrical enlargement of cervical
or supraclavicular lymph nodes. In the early stages of the disease examination of the
peripheral blood seldom affords any useful information. Most commonly the peripheral
blood profile is entirely normal. Occasionally mild, non-specific changes, like neutrophilia
or

eosinophilia

may

be

present.

The

presence

of anaemia,

lymptocytosis

or

leukoerythroblastosis all suggest the presence of advanced disease with bone marrow
involvement (Pallister, 1994).
On the basis of the pattern of lymph node infiltration four subtypes of HD are
recognised: lymphocyte-predominance HD (LPHD), nodular sclerosing HD (NSHD),
mixed-cellularity HD (MCHD), and lymphocyte-depletion HD (LDHD).
LPHD is characterised by a heavy infiltration of small lymphocytes which have a
normal morphology. Reed-Sternberg cells are usually present in small quantities. This
subtype of HD is most common in young men and is associated with a rapid response to
treatment and a good prognosis.
NSHD involves a varying degree of replacement of nodular architecture with
nodular tumour infiltrate within the collagenous compartments of the lymph nodes. The
morphological hallmark of NSHD is the lacunar Reed-Stemberg cell. Lacunar cells are best
identified in formlin-fixed stained tissue sections. In this cell variant the formlin-fixation
process introduces an artefact whereby the cell cytoplasm contracts leaving an unstained
zone between it and the surrounding tissue. NSHD is the most common HD subtype
accounting for more than 40% of HD cases. It is commonly of thymic origin and offers a
fairly good prognosis.
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MCHD is mainly characterised by the presence of large numbers of mononuclear
Reed-Sternberg cells scattered amidst an

assortment

of morphologically

normal

lymphocytes, histocytes, neutrophils, eosinophils, plasma cells and fibroblasts. This
subtype of HD offers a less favourable prognosis than NSHD or LPHD.
LPHD is associated with large numbers of Reed-Stemberg cells and ReedStemberg variants. Lymphocytes are sparse in number. This subtype is the least common
form of HD. It is associated with elderly subjects who often present with advanced disease
and have a poor prognosis (Pallister, 1994).
The selection of a treatment regime for HD is dependent on the clinical and
pathological stage of the disease. Determination of the state of the disease progression
requires microscopic evaluation of tissue biopsy of the lymph nodes, the liver, the spleen
and any other tissue suspected to be involved. The staging evaluation of HD has become
standardised and the most widely used staging scheme is the Ann Arbor Classification.
This scheme divides HD into four progressive disease stages, with stage 1 disease affecting
a single lymph node region and stage 4 disease involving dissemination to one or more of
the extramedullary lymphatic organs with, or without, lymph node involvement (Carbone,
1971).
Current methods of treating HD involve radiation, chemotherapy, or a combination
of the two. The selection of therapy is directed by the results of the staging evaluation
rather than by the specific histological subtype (Harmening, 1997). Long-term, diseasefree survival can be accomplished in approximately 75% of patients with early stage HD. A
ten year survival for stages III and IV Hodgkin’s disease has been improved with
aggressive chemotherapy and now approaches 70% (Harmening, 1997).

Non-Hodgkin’s Lymphomas
The non-Hodgkin’s lymphomas (NHL) encompass a large number of quite
disparate malignant clonal disorders of the lymphoid tissue. About 80% of NHL are B
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lymphoid in origin while almost all the rest are of T lymphoid origin (Pallister, 1994).
Cytogenetic abnormalities are present in almost all cases of NHL and are often associated
with numeric and/or structural chromosome abnormalities (Heim and Mitelman, 1989). The
cause(s) of this genetic damage remains unknown, however, it is felt that mutagentic
factors such as chemicals, ionising radiation and certain viruses may play a role in initiating
and promoting the damage (Harmening, 1997).
NHL can be subdivided into low grade, intennediate, and high grade diseases.
Small lymphocytic lymphoma is an example of a low grade lymphoma. It is characterised
by a diffuse infiltrate of homogenous small lymphocytes (Pallister,

1994). Small

lymphocytic lymphoma is primarily a disease of the elderly and is considered incurable
with standard therapy. In approximately 40% of cases of small lymphocytic leukaemia, a
leukaemic phase identical to CML will develop (Harmening, 1997).
About 50% of cases of NHL present with intermediate grade disease which
commonly involves extranodal sites such as the tonsils, gastrointestinal tract, bone, skin,
testicles, central nervous system and salivary glands. Both T and B cell lymphomas belong
to this category. In the absence of treatment these lymphomas progress fairly rapidly and
carry a median survival of a few months. However, with the use of aggressive
chemotherapy a durable remission can be achieved in up to 60% of cases (Pallister, 1994).
About 15% of cases of NHL present with high grade disease. Large immunoblastic
lymphoma (LIL) and small non-cleaved cell lymphoma (SNCL) are two such examples.
Up to 40% of high grade lymphomas present with localised disease frequently involving an
extranodal site, such as the central nervous system or the gastrointestinal tract. In general,
disease progression is rapid and in the absence of treatment carries a poor prognosis
(Pallister, 1994).
The choice of treatment is dependent on the degree of dissemination of the
lymphoma. Localised disease is typically treated with radiotherapy which results in
significant disease regression and a durable remission in almost two thirds of cases.
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Disseminated disease is treated with cytotoxic chemotherapy. Using aggressive cytotoxic
treatment remission can be achieved in up to 80% of cases, while a cure may be achieved in
up 40% of cases (Pallister, 1994).
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1.3.5

Laboratory Evaluation of Malignant Disorders of Leukocytes

1.3.5.1

Introduction

A series of laboratory tests are performed to confirm diagnosis, and to classify the
haematological malignancies. A systematic approach to the classification of malignant
disease begins with a review of cellular morphology which provides important information
about cell lineage and guides the further studies required to make a definitive diagnosis.
Morphological evaluation is followed by cytochemical staining and immunological cell
marker studies. Additional studies, such as chromosome analysis, are useful in the
identification of specific subtypes of diseases and for providing baseline data that may be
useful in patient monitoring (Harmening, 1997).

1.3.5.2

Morphological Analysis

Light microscopic examination of cells from a stained peripheral blood smear or
bone marrow preparation is the most prevalent method of morphological analysis.
Clinically, this examination is used in the diagnosis and classification of haematological
disease, and to monitor the effects of treatment on the patient. Electron microscopy is
infrequently used for this purpose, except in evaluation of poorly differentiated leukaemia
or acute megakaryoblastic leukaemia (Harmening, 1997).
Cytological features such as cell size, nuclear chromatin patterns, the N:C ratio, and
the presence of nucleoli determine leukaemia disease lineage as lymphoid or myeloid. For
example, in AML the myeloblasts are large (15-20 pm) with a fine nuclear chromatin
pattern and multiple distinct nucleoli. In ALL the typical lymphoblast is a smaller cell with
dense chiomatin. Another useful morphological feature for determining disease lineage in
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acute leukaemia is the Auer rod, the presence of which excludes ALL. Auer rods are
cytoplasmic inclusions resulting from an abnormal fusion of primary granules (Wintrobe,
1981). They are present in the myleoblasts of up to 60% of patients with AML (Stanely et
al., 1985).
In CLL the leukaemic lymphocytes are small or slightly larger than normal
lymphocytes. The nuclear chromatin is highly condensed and bare nuclei called smudge
cells are common. The morphology of the peripheral blood lymphocytes in CLL is
duplicated in the bone marrow aspirate and biopsy specimens (Harmening, 1997).
The MDS display a wide range of dysplastic morphological features. Abnormal
myeloblasts are present in bone marrow aspirates and peripheral smears. Neutrophils show
varying degrees of segmentation of the nuclear chromatin. Erythroblasts are found in the
peripheral blood, and platelets are large and agranular (Harmening, 1997).
The non-leukaemic malignant disorders also display a wide range of morphological
abnormalities. For example, characteristic morphological findings in myleofibrosis are
immature granulocytes, teardrop poikilocytosis, and
erythrocytes in peripheral blood smears.
morphological

findings

include

giant

an

abundance

of nucleated

In primary thrombocytaemia, abnormal

platelets

(megathrombocytes)

as

well

as

microthrombocytes, platelet aggregates, and megakaryocytic cytoplasmic fragments. In
multiple myeloma there is rouleaux formation of the erythrocytes.
Not only the appearance, but also the number, of malignant cells can be important
for diagnosis and classification of the disease type. For confirmatory diagnosis of acute
leukaemia the FAB system specifies a blast count of 30% in bone marrow smears (Bennet
et al., 1982; Bennet et al., 1985). The international workshop on chronic lymphocytic
leukaemia specifies a minimum B cell count of 5 x 10^ cells/L along with 30%
lymphocytosis of the bone marrow consisting of lymphocytes of morphologically mature
appearance (Binat, 1989). In other malignant conditions the leukocyte count can be
variable. For example, in myleofibrosis the leukocyte count may be elevated, normal, or
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lowered, with the leukocyte count exceeding 10 x 10'° cells/L in about 50% of cases, in
approximately 35% of cases the leukocyte count is normal and in nearly 15% of cases the
leukocyte count is below normal (Njoku, 1983).

1.3.5.3

Cytochemical Analysis

Morphological evaluation of stained blood and bone marrow preparations allows
cell type to be identified, but additional testing is always necessary for full characterisation
of leukocytes and leukocytic disorders, and for confirmation of diagnosis. This is
especially true in the early blast stage of cell development, where routine examination of
morphology may not provide sufficient evidence to classify the cell line. (Harmening,
1997).
Cytochemistry and immunocytochemistry involve application of biochemical
techniques to differentiate cell lineage, and to aid in the diagnosis and classification of
haematological conditions. The cytochemical stains react with various chemical components
in cells, such as enzymes or lipids, which are characteristic of specific cell lines. Alkaline
phosphatase, myeloperoxidase, Sudan Black B, acid phosphatase, and esterase staining all
localise specific cellular enzymes yielding information which can be used diagnostically.
For example, a positive myeloperoxidase or Sudan Black B reaction indicates a cell
of myeloid origin and is used to differentiate blast cells in AML from blast cells in ALL.
Acid phosphatase stain reacts with a lysosomal enzyme, the activity of which has been
shown to be higher in T lymphocytes than in B cells. It is useful for identifying T
lymphoblasts in many cases of acute T lymphocytic leukaemia. However, acid phosphatase
activity is not exclusive to T cells and has been noted in myeloblasts and erythroblasts.
Thus, before making a diagnosis of acute lymphocytic leukaemia it is necessary to evaluate
additional cytochemical markers. A characteristic cytochemical finding in CML is low or
absent alkaline phosphatase activity. Esterase staining allows a distinction to be made
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between cells in the myeloid series and cells in the monocytic series. It is applied clinically
to differentiate precursor cells in acute myelomonocytic and acute monocytic leukaemia.
The myelodysplastic syndromes display aberrant enzymatic activity such as
decreased myeloperoxidase and alkaline phosphatase activity.

However,

a single

cytochemical result cannot be considered diagnostic as similar changes in enzymatic activity
may occur in infections (De Pasqualo and Quaglino, 1992; Schmalzl, 1992; Seo et al.,
1993). Thus, enzymatic deterioration must be associated with characteristic dysplastic
abnormalities before it can be regarded as indicative of malignancy.
In contrast, the Periodic Acid-Schiff (PAS) reaction is not based on reactivity with
an enzyme.

PAS stains cytoplasmic glycogen and related compounds such as

mucoproteins, glycoprotein, glycolipids, and polysaccharides. Many leukocytic cell lines
exhibit a positive reaction with PAS, but it is the evaluation of the pattern and intensity of
staining that enables determination of cell lineage and the stage of development of the cell.
Immature granulocytes stain lightly but increased intensity and coarseness is seen as the cell
advances in maturity. Lymphocyte staining is more granulai' and coarse. The PAS reaction
is not very useful for characterising acute leukaemia as the typical pattern of “block
staining” exhibited by lymphoblasts in ALL may also occur in AML. However, the PAS
reaction may sometimes be helpful in supporting the diagnosis of erythroleukaemia, where
strong PAS positivity may be present in normoblasts. When present, this feature is helpful
for differentiating erythroleukaemia from pernicious anaemia, in which the PAS reaction is
negative except in rare cases.

1.3.5.4

Cytogenetic Analysis

Cytogenetic analysis is a critically important adjunct to the classification, diagnosis,
treatment and monitoring of haematopoietic malignancies. Cytogentic studies involve
analysis of chromosome metaphase preparations for numerical or structural karyotypic
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abnormalities.

Structural

aberrations

include

translocations,

inversions,

deletions,

duplications, point mutations and gene amplifications (Harmening, 1997). Numerical
aberrations may also be identified by DNA flow cytometric techniques, such as
fluorescence-activated cell sorting (FACS).
Different chromosomal abnormalities have been associated with distinct forms of
leukaemia, a classic example being the Philadelphia chromosome which is carried by 90 to
95% of patients with typical CML (Rowely, 1980). The Philadelphia chromosome results
from a translocation between chromosomes 9 and 22, and is a critical part of CML.
diagnosis (Section 1.3.4.1.2). Numerical abnormalities like trisomy 8 and isochromosome
18 are detected in at least 50% of patients with accelerated phase CML, and up to 80% of
those who develop the blastic phase of the disease (Kantarjian, 1988).
In CLL, oncogenes have been detected in certain chromosomal segments (WangPeng and Knutsen,

1986). The presence of additional chromosomes and multiple

chromosomal abnormalities in B-CLL have been implicated as indicators of a poor
prognosis (Harmening, 1997).
Chromosomal abnormalities have been detected in the majority of patients with
acute leukaemia. Karyotypic abnormalities have been observed in 50% of patients with
AML and 60% of ALL cases (Harmening, 1997).
Cytogenetic abnormalities have been detected in 30% to 90% of patients with MDS
(Heins and Mitelman, 1986). The frequency and nature of the abnormalities vary with the
individual disease subtype and can be essential to disease diagnosis and estimation of
prognosis. Well-documented structural aberrations include a deletion of the long arm of
chromosome 5, which is characteristic of patients with RA, and a specific translocation
between chromosomes 5 and 12 which occurs in a small proportion of CMML patients.
The risk of leukaemic transformation in MDS has been associated with the presence of
karyotypic abnormalities. Hasse (1995) reported that only 14% of patients with a normal
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karyotype

displayed a leukaemic transformation whereas 42% of patients with

chromosomal abnormalities did.
In myelofibrosis most patients have some type of chromosomal abnormality.
Particularly common are deletions of the long arm of chromosome 13 and the translocation
between chromosomes 1 and 13 (Babior and Stossed, 1994).

1.3.5.5

Molecular Genetic Analysis

Molecular diagnostic studies are primarily used to confirm the presence of a
suspected chromosomal abnormality not detected by conventional cytogenetics, analyse
specimens that are not suitable for conventional cytogenetics, and monitor minimal residual
disease following therapy. DNA probes and PCR-based primers are available for rapid and
precise detection of many specific cytogenetic abnormalities at the molecular level. The
molecular genetic basis for many of the acute leukaemias has been elucidated in recent
years. Extensive studies of the immunoglobulin and T-cell antigen receptor genes have
been carried out, and other genes involved in many of the recurrent cytogenetic
abnormalities have been cloned and characterised. The molecular correlations of some of
the most common chromosomal abnormalities are listed in Table 2 (Crist et ai, 1990;
Borowitz, 1993; Herbert, 1994).
These methods permit detection of residual leukaemic disease at extremely low
levels. The sensitivity of molecular techniques

enables

detection

of leukaemic

subpopulations that are not identifiable by conventional morphological studies or other
methods; therefore, patients who are in clinical remission may be observed to possess
minimal residual disease when PCR-based techniques are employed. However, the
significance and clinical applications of this capability are not clearly defined at present
(Harmening, 1997).
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polymerase chain reaction (Adapted from Harmening, 1997).
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1.3.5.6

Immunological Analysis

There are hundreds of differentiation-specific antigens that are expressed at various
stages of cell development, as well as lineage-specific antigens which are associated with
different haematopoietic cells. The use of polyclonal or monoclonal antibodies raised
against these cell surface, cytoplasmic and nuclear markers enables both the lineage and
maturation stage of the malignant cell to be determined. This technique is termed
immunophenotyping and is performed on cell suspensions derived from either marrow
aspirates or from peripheral blood. Immunofluorescent methods (direct or indirect) are used
to stain the cells and automated analysis can be performed with a flow cytometer
(Harmening, 1997).
Im.munophenotyping is useful in determining whether the malignancy is of T or B
cell lineage. In acute lymphoblastic leukaemias and lymphomas, B cell lineage is
characterised by the presence of CD 19 which is a sensitive and specific marker for early B
cells, as plasma cells do not express CD 19. The most sensitive marker of acute T cell
lymphoblastic leukaemia is the nuclear enzyme terminal deoxynucleotidyl transferase
(TdT), which can be detected by immunocytological or immunofluorescent techniques.
This enzyme is exclusively expressed in the early T cell developmental stages (Foon and
Todd, 1986). More than 95% of CLL cases are of B cell origin. The coexpression of CD5
and low density surface membrane immunoglobulin is diagnostic of B-CLL. CDS is a panT cell marker which is involved in T lymphocyte activation. In normal peripheral blood
only approximately 20% of B cells express the CDS marker while in B-CLL the majority of
B lymphocytes are CDS positive (Harmening, 1997).
Immunophenotyping can also be used to distinguish between lymphoid or myeloid
disease in acute leukaemia. When surface marker analysis is performed to distinguish AML
from ALL it is important to choose a panel that includes antibodies to several myeloid-
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associated antigens (e.g. CD33, CDS, CD14, CD41a). Multiple myeloid-specific markers
are necessary because no single marker defines all types of AML (Harmening, 1997).
In MDS an increase in cells expressing CD34 (stem cell progenitors) in the bone
marrow is of prognostic significance and is usually correlated with impending leukaemic
transformation (Sullivan

<3/.,

1992; Orazi, 1993; Maciejewski et al., 1994; Soligo et al.,

1994). Blasts from patients evolving towards leukaemic transformation in any type of MDS
may share antigens that are specific for other cell lineages. RAEB and RAEB-t display
higher myeloblastic and megakaryoblastic immunologic markers, whereas in RA, RAS,
andCMMLthe granulomonocytic phenotype predominates (Section 1.3.4.2) (Harmening,
1997).
Approximately 70% of lymphoblastic lymphomas are of the T cell type and express
CD7 and CD5. This serves to distinguish them from T cell acute lymphoblastic leukaemia,
which usually expresses a more immature phenotype (CD7^, CD3 ). B cell lymphoblastic
lymphoma cells express CD 19, CD79a,
immunoglobin (Harmening, 1997).
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and CD22, but rarely express surface

1.3.6

Potential

Applications

of

the

AFM

in

Diagnosis

and

Classification of Haematological Malignancy

Haematological malignancy can result in an alteration of the morphology of the cell
which can be expressed in a variety of nuclear and cytoplasmic abnormalities (Section
1.3.5.2). It is possible that malignant cells also display cell surface abnormalities which are
not detectable by light microscopy.
Until the recent arrival of the AFM, examination of cell surface features at high
spatial resolution was impossible without resorting to SEM and, thus, a potentially
damaging high vacuum environment (Section 1.2.3.3). The introduction of the AFM has
allowed direct assessment of cell surface features in a dry or liquid environment with
minimal tissue processing (Cullen et al., 1993). This reduces the risk of introducing
artefact into the image.
A number of AFM studies of the surface of living malignant cells have been carried
out (Kasas et al., 1993; Weisenhorn et ai, 1993; Goldman and Ezzell, 1996; Kuznetsov et
al., 1997; Weyn et al., 1997; Braet et al., 1998). However, the maximum resolution
achievable on a living cell membrane is too poor to allow the identification of specific
membrane structures (Section 1.2.3.5.3).
To date, the Af^ has not been used to study the surface structure of malignant
blood cells. However, a number of studies have been performed in air on fixed (Zachee et
al., 1996) and unfixed (Zachee et al., 1994; Aikawa et al., 1996; Zachee et al., 1996)
erythrocytes from various non-malignant haematological disorders (Section 1.2.3.5.4).
AFM imaging of dried cells under ambient conditions can be performed easily and quickly
which may be valuable for rapid detection and diagnosis of pathological conditions.
However, rapid air-drying of erythrocytes can introduce membrane artefacts. For example,
Zachee et al. (1996) observed small holes with a diameter of 50-80 nm on the surface of
air-dried, unfixed erythrocytes. The number of cells displaying this feature was reduced
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from 70% to 5% after fixation with glutaraldehyde. This artefact was attributed to the
presence of precipitated serum proteins which, upon rapid air-drying of the cells, induced
pitting of the erythrocyte surface. Glutaraldehyde fixation resulted in a reduction in the
precipitated serum protein concentration by a factor of a thousand. (Zachee et al., 1996).
Scanning fixed or unfixed cells in buffer can circumvent drying artefacts. To date,
AFM fluid imaging studies on human blood cells have been restricted to normal cells
(Haberle et al., 1991; Horber et al., 1992; Braet et al., 1998). The images acquired of
living blood cells and of other living cell types have been dominated by details of
submembraneous structures (Haberle et al., 1991; Henderson et al., 1992; Horber et al.,
1992; Chang et al., 1993; Kasas et al., 1993; Barbee et al., 1994; Oberleithner et al., 1994;
Ratneschwar and Scott, 1994; Braet et al., 1998) (Section 1.2.3.5.3). The AFM is
considered to be a surface probe (Henderson, 1994) and AFM images reflect topographic
configurations as well as local compressibility (Haberle et al., 1991; Horber et al., 1992).
AFM images of the cytoskeletal structure in living cells reflect local variations in stiffness
when the AFM tip palpates the cell membrane (Braet et al., 1998). This indirect imaging of
the cytoskeleton allows study of cytoskeletal dynamics in living cells without the necessity
of further preparatory steps (Henderson et al., 1992; Lai et al., 1995; Ushiki et al., 1996).
Thus, the AFM has the potential to further the understanding of the native structural
properties of cells and the loss of these properties in pathological states. A comparative
study of the surfaces of primary osteoblasts (normal bone cells) and osteosarcoma cells
was recently carried out by Kuznetsov et al. (1997). In this study, normal and sarcoma
cells were imaged in culture medium revealing details of the cytoskeletal features beneath
the cell membrane. It was found that the osteosarcoma cells exhibited a number of
interesting features that distinguished them from osteoblasts. For example, the cytoskeletal
structure of the cortex and its supporting role in defining cell shape was more evident in the
untransformed cells. Details of large trunk fibres and fibrillary protrusions, resolved in
images of normal cells were absent in the images of osteosarcoma cells (Kutnetsov et al..
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1997). These findings are in agreement with other studies which suggest that tumour cells
show gross morphological changes in their microfilament structure (Weyn et al., 1997).
Therefore, comparative AFM studies of the cytoskeletal structure of normal and malignant
cells may provide a valid additional approach to disease diagnosis with important clinical
implications. For example, many forms of anaemia can be attributed to cytoskeletal
abnormalities (http://www.topometrix.com/rbcnotel .htm).
The latest cytoskeletal investigations using the AFM have moved from imaging
studies towards assessment of the role of the cytoskeleton in the mechanical properties of
the cell. The cytoskeleton supporting the membrane represents a very complex mechanical
system which may be able to react to externally applied forces (Ohnesorge et al., 1997).
The use of AFM force curves allows the function of the cytoskeleton in cell support and
elasticity to be directly assessed (Goldman and Ezzell, 1996; Hoffman et ai, 1997; Weyn
et al., 1997) (Section 1.2.3.5.7). For example, it has been shown that the absence of
certain cytoskeletal proteins in mutant cell lines (Goldmann and Ezzell, 1996) or the
degradation of cytoskeleton

components

after exposure

of the

cell

to

certain

pharmacological agents (Hoffman et al., 1997; Braet et al., 1998) resulted in the reduction
of cell elasticity.
As yet, no comparative studies on the viscoelasticity of normal and malignant cells
have been performed with the AFM but it possible that this may also provide a valid
approach to discriminate between normal and malignant cells. Numerous studies suggest
that cell shape is determined by the organisation of actin-containing microfilaments and
their connecting proteins, and variations in cytoskeletal arrangements observed in malignant
cells may be expressed in an altered viscoelasticity (Weyn et al., 1997). The previously
mentioned studies of Goldman and Ezzell (1997), Hoffman et al. (1997), and Braet et al.
(1998) demonstrate the role of the cytoskeleton in determining the cell’s elasticity and
support this hypothesis.
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Although the AFM is principally a surface characterisation tool, previous studies on
living cells have illustrated its capability to image and investigate the mechanical response
of submembranous cell structures. This lends the AFM the unique capability to assess how
native cell surface properties determine, or are affected by, the three-dimensional dynamic
organisation inside the living cell. It is hoped that such properties might be used to
characterise malignant or pathogenic cells. By comparison with corresponding normal
cells, such an approach might have applications in the diagnosis of disease, and possibly
also in treatment by providing a means for assessing the effects of drugs or other biological
effectors (Kutnetsov et ciL, 1997).
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1.4

Project Aims

At the time of the commencement of this study, the AFM had not been used to
study the surface structure of malignant blood cells. The aim of this research was to
develop a procedure to study the leukocyte surface with the AFM, with a view to
elucidating possible surface differences between normal and leukaemic cells. To this end, a
comparative analysis of the surface structure of normal and myeloid leukaemic leukocytes
was performed through AFM imaging studies and through elasticity measurements of the
cell surface.
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Chapter 2: Materials and Methods

2.1 Materials

The full names and addresses of sources listed are given in Appendix 1.

2.1.1 Special Equipment

Atomic Force Microscope; The TMX 2000 Explorer
A free standing scanning probe microscope. Imaging can be performed in ambient
conditions or in liquid. A 130 pm scanner controls motion in the x and y directions. A
12 pm scanner controls motion in the z direction. For vibration isolation the microscope
is positioned on a marble stage mounted on 10 meters depth of concrete.
(Source: Topometrix Ltd.).

AFM Cantilevers
Commercial microfabricated Si N contact and non-contact cantilever/tip systems were
3

4

used in this investigation.

Contact Cantilever characteristics: length: 441 pm; width: 50 pm; thickness: 10-15 pm;
resonant frequency: 14-18 Khz; spring constant: 0.18-0.45 N/m.
(Source: Nanosensors).

Non-Contact Cantilevers characteristics: length: 90 pm; width: 60 pm; thickness: 2.4
pm; resonant frequency: 470 Khz; spring constant: 82.5 N/m.
(Source: Ultrasharp).
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AFM Software
Data acquisition and processing was performed on Topometrix SPMLAB version
3.06.06 software.
(Source: Topometrix Ltd.).

C4.12 Jovan Benchtop Centrifuge
(Source: Jovan Inc.).

Falcon Tubes
14 ml volume
(Source: Becton Dickinson).

Hema-Tek Automated Slide Stainer
The Hema-Tek slide Stainer is a fully automated benchtop instrument capable of holding
up to 25 slides. The slides are moved along a metal platen and stained at a rate of 1 slide
per minute. The stain is contained in a “stain-pak” and consists of Wright-Giemsa stain,
buffer, and rinse solution. Under instrument control the correct amount of stain solution
is delivered to the slide via a capillary space in the instrument. Once the slide has been
stained and rinsed it passes through a final metal platen in the instrument to be air-dried.
(Source: Bayer PMC)

Improved Neubauer Counting Chamber
The counting chamber consists of a glass slide with rulings etched on it. It is 0.1 mm
deep and the surface of the chamber is marked with two square ruled areas of 9 mm^.
Each of the square ruled areas is divided into 9 primary squares. The central square is
used for erythrocyte and
platelet counting, and the four corner primary squares are used for leukocyte counts
(Fig. 2.1). (Source: Hawksley CRISTALITE BS 748).
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Fig. 2.1 The Surface of an Improved Neubaiier Chamber
The ruled area is divided into 9 primary squares. Leukocyte counts are carried out in the
4 primary comer squares labelled “L” in the diagram. Erythrocyte and platelet counts
are carried out in the central square.

Microplate Reader: Dynatech Laboratories MR 7000
This microprocessor controlled photometer is designed to measure the absorbance of
the sample in microtitre plates. It is suited to colorimetric applications, and offers high
reading rates for 96 well plates (1.7 seconds per well in single wavelength modes).
Such rapid operation facilitates accurate and reliable determination of kinetic functions
and endpoints. Advanced software enables data to be presented graphically or as optical
density matrices (O’ Connell, 1998).
(Source: Dynatech Laboratories Ltd.).

Microtitre Plates and Plate Sealers: Nun-Immuno Module, Maxisorp F8
Unframed
Microtitre plate strips
(Source: Biosciences Ltd.).
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Petri Dishes
Product No. 633185
(Source: Grenier Labortechnik).

The Technicon H*2
The Technicon H*2 is a fully automated system allowing the performance of full
numerical five part differential leukocyte counts, and detailed erythrocyte volume and
iron content analysis. Cell analysis is based on the principle of flow cytometry. Blood
cells in a fluid suspension are passed through a series of flow cells which measure the
degree of light scatter and absorption; indices of cell size and type respectively. The
light scatter signals are analysed digitally and the H*2 software produces a full blood
count and leukocyte differential report, with data presented in tabular format (Fig. 2.2)
(Source: Bayer PMC).

Tissue Culture Flasks
Growth area 75 cm^ (cat No. 83. 1811.002)
(Source: Sarstedt Ltd.).
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WBC = white blood cell count, RBC = red blood cell count, NEUT = neutrophil,
LYMP = lymphocyte, MONO = monocyte, EOS = eosinophil, BASO = basophil.
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2.1.2 Chemicals
Source

Sigma

3-Aminopropyltriethoxy-silane
(C9H23N03Si) (cat. no. A-3648)

Bovine Serum Albumin (BSA)

Sigma

(cat. no. A-7888)

Coating antibody: Goat Anti-Human IgG

Sigma

(cat. no. 1-1886)

Detection antibody: Anti-Goat IgG

Sigma

(whole molecule) alkaline phosphatase conjugate
(cat. no. A-4187)

Dimethyl Sulfoxide (DMSO)

Sigma

(cat no. D-5879)

Dulbecco’s Modified Eagle’s Medium (DMEM)

Sigma

(cat. no. D-5546)

Ficoll

Sigma

(cat. no. F-9378)

Foetal Calf Serum (FCS)

GIBCOBRL

(cat. no. 10106-169)
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Merck

Glutaraldehyde
(cat. no. 820603)

Sigma

Isopaque (3,5-Bis[acetylamino]2,4,6-triiodobenzoic acid, sodium)
(cat. no. S-4506)

GIBCOBRL

LB Broth Base
(cat. no. 12780-052)

Leishman Stain

BDH Chemicals

(cat. no. 6814280)

Ltd.

L-Glutamine 200mM

Sigma

(cat. no. G-7513)

4-Nitrophenyl phosphate disodium salt

Fluka

hexahydrate (pNPP)
(cat. no. 71770)

Pencillin-Streptamycin

Sigma

(cat. no. P-0781)

Sigma

Sodium Pyruvate
(cat no. S-8636)

Trypan Blue Solution (0.4 %v/v)

Sigma

(cat. no. T-8154)
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BDH Ltd.

Tween 20 (polyoxyethylene(20) -sorbitan
monolaurate)
(cat. no. 66368)

All other chemicals used were of the highest grade commercially available.
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2.1.3 Solutions

•

Cell Dilution Buffer: 0.15 M phosphate buffered saline (PBS), pH 6.7. Dissolve 8
g NaCl, 0.2 g KCl, 1.15 g Na2HP04, and 0.2 g KH2PO4 in 1 1 of distilled water,
final volume. Adjust the pH with 6 M HCl or NaOH.

•

Coating Buffer: 0.05 M phosphate buffer saline (PBS), pH 7.4. Dissolve 1.19 g
NaH2P04, 5.67 g Na2HP04, and 8.76 g NaCl in 1 1 of distilled water, final
volume. Adjust the pH with 6 M HCl or NaOH.

•

Wash buffer (PBS-T): 0.05 M PBS, pH 7.4, containing 0.05% (w/v) Tween 20
(PBS-T).

•

Blocking buffer: 0.05 M PBS-T (0.05%) (w/v), pH 7.4 containing 1% (w/v)
Bovine Serum Albumin (BSA).

•

Substrate buffer: 0.05 M sodium bicarbonate buffer, pH 9.8 containing 1 mM
MgCl2. Dissolve 3.11 g NaHCO,, 1.37 g Na2C03, and 0.2 g MgCl2 in 1 1 of
distilled water, final volume. Adjust the pH with 6 M HCl or NaOH.

•

Isopaque (Ip) stock solution: 33.9% (w/v) isopaque solution with density of 1.2
g/ml.

•

Isopaque-ficoll (Ip-ficoll) solution (density = 1.077 g/ml): 4.2 ml Isopaque (Ip)
stock solution mixed with 10 ml of 9% (w/v) ficoll.
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•

Ip-ficoll solution (density = 1.080 g/ml): 4.2 ml Ip stock solution mixed with 10 ml
of 11% (w/v) ficoll.

•

Ip-ficoll solution (density = 1.055 g/ml): 4.2 ml Ip stock solution mixed with 10 ml
of 7% (w/v) ficoll and 4.5 ml 0.9% (w/v) NaCl.

•

Leishman Stain: 0.15 g of stain in 100 ml of methyl alcohol, the stain was dissolved
by stirring at room temperature for 12 hours.
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2.1.4 Cell Samples

•

Whole blood samples were obtained courtesy of Eileen Clarke (Medical Unit, Cork
Institute of Technology) and Kevin Cooper (Haematology Dept., Cork University
Hospital).

Blood

was

collected

in

vac-containers

which

contained

ethylenediaminetetraacetic acid (EDTA) (1.2 mg/ml) anticoagulant.

•

Leukocyte concentrate samples (“buffy coats”) were obtained courtesy of Christine
O’ Callaghan (Munster Region Transfusion Centre, Cork). A leukocyte concentrate
is a whole blood sample from which the majority of erythrocytes and plasma have
been removed. It contains approximately 97% of the platelets and approximately
90% of the leukocytes from the original whole blood sample. Citrate phosphate
dextrose is used as an anticoagulant and as a preservative. The dextrose acts as an
energy source for ATP production via glycolysis.

•

Jurkat cells (European cell line no. 880428030) were a gift from Maurice O’
Donoghue (Dept, of Microbiology, University College Cork). Jurkat cells are
leukaemia cells of T cell lineage. The cells are at the lymphoblast maturation stage
and express the T cell receptor complex (TiCD3) at their surface. Jurkat cells have
been used as a model in the study of T cell activation (Weiss et ai, 1984).
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2.2

Isolation of Mononuclear Cells and Granulocytes from Human
Blood

2.2.1 Method of Boyum (1968a)

A mixture of 2 ml EDTA blood (1.8 mg EDTA/ml blood) and 6 ml of 0.9%
(vv/v) NaCl, was layered onto 3 ml of standard Isopaque-ficoll (Ip-ficoll) solution with
a density of 1.077 g/ml. The mixture was centrifuged at 400 g for 40 min. After
centrifugation the lymphocyte and monocyte cell populations were located at the
plasma/ficoll interface, while the erythrocytes and granulocytes had sedimented to the
bottom of the tube. The plasma layer was clear and contained no cells. The plasma layer
was first removed to a depth of approximately 5 mm above the lymphocyte and
monocyte cell layer. This lymphocyte and monocyte cell layer was termed the top
fraction. The erythrocytes and granulocytes, located at the end of the separation tube,
were termed the bottom fraction. The top fraction, together with approximately 2-3 ml
of Ip-ficoll, was removed and centrifuged at 500 g for 5 min to concentrate the isolated
leukocytes in a cell pellet. Cell counts, viability and morphology assessments were
carried out on the top and bottom fraction as described in Sections 2.2.3, 2.2.4,
2.2.10, 2.2.11.

2.2.2 Method of Boyum (1968b)

2 ml of EDTA blood (1.8 mg EDTA/ml blood) was layered onto 3 ml of
standard Ip-ficoll solution with a density of 1.080 g/ml. The blood was incubated at
4°C for 6 h, after which time leukocyte layer was located at the plasma/ficoll interface.
Lymphocytes were located in the upper part of the layer and granulocytes were located
in the lower part of the layer. The upper two thirds of the plasma layer was first
removed. The leukocyte layer was subsequently split into lymphocyte and granulocyte
fractions by addition of an Ip-ficoll solution of density 1.055 g/ml. The lymphocyte top
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fraction and the granulocyte bottom fraction were removed separately. Subsequently,
each fraction was pelleted by centrifugation at 500 g for 5 min. Cell counts were
performed as described in Section 2.2.3. Viability and morphology studies were carried
out on the top fraction as described in Sections 2.2.4, 2.2.10, 2.2.11.

2.2.3 Cell counts

Leukocyte counts and cell differentials were performed on the original and
separated (top and bottom fractions) blood samples with the Technicon H*2 automated
cell counter at Cork University Hospital. A leukocyte differential count expresses the
number of each leukocyte type as a percentage of the total number of leukocytes per ml
of sample analysed.
The yield of viable leukocytes after separation of the blood sample (in the top
and bottom fractions) was estimated as follows (Jago et al., 1956)

Yield (%) of leukocytes = number of leukocytes/ml of separated sample x

100

number of leukocytes/ml of original sample

The yields for the different leukocyte subpopulations (i.e. lymphocytes,
monocytes, and granulocytes) in the separated sample were estimated similarly.
Contamination of the top fraction of the separated sample by erythrocytes was
estimated as follows :

Ervthrocvte(%) contamination = number of erythrocvtes/ml ofseparated sample x 100
number of erythrocytes and leukocytes/ml of
separated sample
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For all cell counts (cell differentials, cell yields, and erythrocyte contamination
counts) the standard error of the mean (S.E.M) count of each cell type was calculated
using the following equation:

a/Vn

where a = standard deviation, and n = the number of cells analysed.
The standard deviation (a) was calculated using Microsoft Excel version 4.

2.2.4 Estimation of Cell Viability

The viability of the leukocytes isolated in the top fraction was estimated by the
Trypan Blue test, which measures cell viability as a function of cell membrane integrity
(Cotter and Martin, 1996). Injury to the cell membrane is defined as increased
permeability to water, vital dyes, and intracellular components. In the Trypan Blue test
dead cells are stained blue due to the passage of dye into the cell, and viable cells remain
unstained.
The test was performed in an Improved Neubauer counting chamber (Section
2.1.1). The leukocyte pellet was diluted to a final concentration of 3-5 x 10^ cells/ml
with 0.9% (w/v) NaCl. 30 p.1 of cell suspension was mixed with 10 p,l of Trypan Blue.
The cells were allowed to stain for 15 minutes. Counts of viable and non-viable cells
were performed in duplicate by counting cells in the four primary comer squares on
both sides of the chamber. The margin mle was applied to counts; cells which touched
the centre line bordering the top and right-hand side of the primary squares were
included in the count. Cells which touched the left-hand side and lower border were
disregarded (Fig. 2.3). The percentage cell viability was calculated as follows :
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% Cell Viability =

no. of viable cells per square x dilution factor x 10^^ x 100
total no. of cells per square x dilution factor x 10‘*

e
e
e

m

7

Fig. 2.3 The Margin Rule
A single corner square of an Improved Neubauer chamber is illustrated in the above
figure. Cells touching the centre line bordering the top and right-hand side of the
primary square are counted (O). Cells touching the left-hand side and lower border are
disregarded (0).
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2.2.5

Immunocapture of Blood Cells on a Polystyrene Surface

2.2.5.1

Sensitisation/Coating of Microtitre Plate Wells with Goat
Anti-Human IgG Antibody

100 [i\ of Goat Anti-Human IgG (5-100 |Lig/ml) in PBS-T was pipetted into each
well of a microtitre plate. The wells were sealed and incubated overnight at 4°C.
The assay was performed in six wells for each concentration of the coating
antibody. Two blank wells were also tested for each set of six test wells to determine
levels of non-specific binding of the antibody-enzyme conjugate to the blocking agent
(1% (w/v) BSA) and to the microtiter plate surface.

2.2.5.2

Detection of the Coating Antibody by Enzyme Linked
Immunosorbant Assay (ELISA)

The microtitre plate wells were washed three times with wash buffer adding 100
pi to each well. 1(X) pi of blocking buffer was then added to the wells and the plate was
incubated at room temperature for 1 hour. The wells were washed (100 pi x 5) with
wash buffer. 100 pi of Anti-Goat IgG Alkaline Phosphatase conjugate (a minimum titre
of 1:30,000) (1 in 1000 dilution in PBS-T) was added to each well and the plate was
incubated at room temperature for 2 h. The wells were washed (100 pi x 4) with wash
buffer. 100 pi of substrate buffer, containing 4-nitrophenyl phosphate (pNPP) at a
concentration of 2 mg/ml, was added to each well and the plate was incubated at 37 ° C
for 30 min. The absorbance was measured at 405 nm. The standard error of the mean
(S.E.M) absorbance for each concentration of the coating antibody was calculated as
described in Section 2.2.3.
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2.2.6

Sensitisation/Coating of a Polystyrene Surface with Goat
Anti-Human IgG Antibody

100 |il of PBS-T containing the coating antibody at a concentration of 10 lig/ml
was pipetted onto the surface of 30 mm^ polystyrene squares cut from bacteriological
petri dishes. The polystyrene squares were incubated overnight at 4°C in a moist
environment. Detection of the coating antibody on the polystyrene surface was carried
out as described in Section 2.2.5.2.

2.2.7

Selection of a Lymphocyte Subpopulation on Goat AntiHuman IgG-Coated Polystyrene using the Method of
Wysocki and Sato (1978)

Leukocytes were isolated from whole blood according to the method of Boyum
(1968b) (Section 2.2.2). The cell suspension (1 x 10^ cells/100 pi of plasma) was
pipetted onto the antibody-coated polystyrene surface (Section 2.2.6) and incubated at
4°C for 70 min in a moist environment. Non-adherent cells were removed by washing
(100 pi X 3) with 0.15 M PBS. The binding of lymphocytes to the antibody-coated
polystyrene was checked by examination under the light microscope as described in
Section 2.2.10.

2.2.8

Immobilisation of Leukocytes on Silanised Glass; the
Method of Butt et al. (1990a)

Glass coverslips were incubated in 30 ml of toluene containing 600 pi of 3Aminopropylethoxy-silane for 15 min at room temperature. The coverslips were then
washed with acetone and dried quickly under nitrogen gas. 4 pi (one drop) of capillary
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blood was diluted in 100 |xl of 0.15 M PBS and 100 jal of the blood mixture was added
to the silanised surface for 5 minutes. The blood sample was subsequently fixed in 1%
glutaraldehyde for 1 min. The non-adherent cells were removed by gently rinsing the
glass surface once with 0.15 M PBS.

2.2.9 Cultivation of Jurkat cells

2.2.9.1 Cell Culture

Jurkat cells were grown and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% (v/v) foetal calf serum (PCS), 1% (v/v) LGlutamine (200 mM), 1% (v/v) penicillin (10,000 p), 1% (v/v) streptomycin (10
mg/ml), and 1% (w/v) sodium pyruvate (100 mM) at 37 °C in 5% CO2. The cells were
grown to a concentration of 4-6 x 10^ cells/ml in 100 ml flasks. A split ratio of 1 in 5
was applied when passing cells. The cells were first pelleted at 100 g for 10 min. The
supernatant was removed and the pellet was resuspended in 10 ml of fresh culture
medium. Approximately 2 ml of the cell suspension was used to seed a fresh culture
flask.

2.2.9.2 Cell Counts

Jurkat cell counts were performed using an Improved Neubauer counting
chamber. The cell suspension was first diluted twenty-fold in 0.9% (w/v) NaCl. Cell
counts were performed in duplicate applying the margin mle (Section 2.2.4). The
concentration of cells per ml was estimated as follows:

No. of cells/ml = Average no. of cells per square x dilution factor x lO'^
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2.2.9.3 Sterility Testing

Sterility testing was performed on the growth medium and on the cell culture.
Approximately 2 ml of the medium or culture to be tested
was added to 10 ml of LB broth in a sterile universal container which was incubated at
37 °C and examined for evidence of bacterial growth over the following 48 h.

2.2.10

Assessment of Leukocyte Morphology by Light Microscopy

The morphology of leukocytes, isolated as described in Sections 2.2.1 and
2.2.2, was assessed by light microscopic examination of a stained blood smear of the
cells. Blood smears were prepared by placing a 6 pi drop of cell suspension at one end
of a glass slide. A second glass slide was used as a spreader. The end of the spreader
slide was placed on the specimen slide just in front of the drop of blood. The spreader
was held at an angle of approximately 45 °, drawn back to make contact with the drop
and then pushed forward in one light, smooth movement spreading a thin film of blood
across the slide. The leukocyte smears were rapidly air-dried, fixed in 96% (v/v)
ethanol and stained using a Hema-Tek automated slide Stainer at Cork University
Hospital (Section 2.1.1).
Antibody-bound lymphocytes (Section 2.2.7) were air-dried and stained with
Leishman stain.
The stained leukocytes were examined with the light microscope under xlO,
x40, and xlOO (oil immersion) magnifications to evaluate cell morphology.
Photographs of cells under xlOO object field were taken on a Nikon F70/F70D camera
attached to a Nikon Type 115 light microscope.
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2.2.11

Assessment of Leukocyte Morphology by Atomic Force
Microscopy

2.2.11.1

Sample Preparation

Blood smears (Section 2.2.10) were made oforiginal andseparated (Section
2.2.2) leukocytes and Jurkat cells. The smears were air dried, fixed in 96% (v/v)
ethanol and stored in petri dishes at room temperature for 24-48 hours prior to AFM
imaging.
Lymphocytes immobilised with anti-IgG antibodies onto a polystyrene surface
(Section 2.2.7) were submerged in 0.15 M PBS and imaged directly in fluid.

2.2.11.2

Data Acquisition

Blood smears were imaged using contact mode, in air under ambient conditions,
using a contact cantilever (spring constant = 0.18-0.45 N/m). Contact imaging forces
ranged from 20-50 nN.
Scanning was performed at speeds of 200 pm/s for field sizes of 100 pm^ and at a
resolution setting of 300. The value set in the resolution field determines the number of
data points for a given scan range. For example a setting of 300 sets up an acquisition
of 300 sampling points per line in a 300 line image (Topometrix SPMLab-release 4
Software reference manual).
Lymphocytes immobilized on polystyrene (Section 2.2.7) were scanned in 0.15
M PSB using both contact and non-contact imaging modes. Contact imaging forces
ranged from 20-50 nN. Contact and non-contact imaging was performed at speeds of
200 pm/s for field sizes of 100 pm^ and at a resolution setting of 300.
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2.2.11.3

Image Processing

The image data was processed using the data levelling and scale and zoom
options, of the image processing module of the Topometrix SPMLab software.
Levelling is a process which removes sample tilt by defining a level plane for the
display of the data. This is essential for the accurate measurement of sample height.
The scan and zoom option was used to augment features of interest within a
image field for more detailed observation. The image resolution of the new, enlarged
view was improved by clicking on one of the resolution options from 50 x 50 to 1000 x
1000 pixels. The software extrapolated the data so that the zoomed image had the
number of data points defined by the resolution option chosen. Resolution settings of
300 or 400 pixels were applied to zoomed images in this project.

2.2.11.4

Image Analysis

Detailed quantitative examination and measurement of scanned sample features
was performed via accessing the image analysis module of the Topometrix SPMLab
software. The line analysis and area analysis options were used to characterise the
surface topography of the leukocytes.
The line analysis package allows user-defined cross-sectional line profiles to be
taken through the image plane. A line analysis report is produced for each profile and
illustrates a cross-section of the sample at that profile position. The line analysis
software allows the difference in height and distance between any set of 2 points on the
cross section to be measured, and up to six sets of points can be selected for
comparison. In the present study the line analysis software was used to measure the cell
height and width of the leukocytes.
The area analysis mode allows the average roughness value (Area Ra) of a
surface to be measured. This can be calculated for the entire image or restricted to a user
defined area of the scan. The Ra (the one-dimensional equivalent to the two-
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dimensional Sa parameter) is the arithmetic mean of the absolute values of the surface
above and below a mean plane within the sampling area:

N

Sa = 1/MN S
j=i

M

I IZ(X,Yj)l
i=i

In the present study the area analysis package was used to calculate the surface
roughness (Area Ra) of the imaged leukocytes.

2.2.11.5

Image Display

Image data was displayed as a topographic representation of the sample surface
presented as a two-dimensional topview (Fig. 4.1), or a three-dimensional sideview
(Fig. 4.1(e)), of the cell’s plane. The images were displayed in a gold-brown colour
palette. The colour palette is distributed throughout the image according to the sample’s
topography. The highest feature in the image shows up with the greatest colour
intensity, and lower features appear darker. A colourbar was displayed on the lefthand
side of all two-dimensional images. A z scale in nanometers, marked on the colourbar,
ranged from zero to the maximium sample height encountered in the image. The colour
illustrates the distribution of the palette from zero (dark) to the highest feature (bright) in
the image.
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2.2.12

Determination of Leukocyte Elasticity with the Atomic
Force Microscope

2.2.12.1

Sample preparation

Normal blood leukocytes and chronic myelogenous

leukaemia

(CML)

leukocytes were isolated from whole blood according to the method of Boyum (1968b)
(Section 2.2.2). Blood smears of the isolated cells were made, rapidly air-dried, and
stored in petri dishes at room temperature for 1 -5 h prior to AFM imaging.

2.2.12.2

Data Acquisition

Blood smears of the leukocytes were imaged in contact mode, in air, using a
non-contact cantilever (spring constant 82.5 N/m). Once the image was complete the
system was left in feedback and the force measurement software was accessed. Force
measurements were taken on glass to serve as a reference and on the cell surface.
Measurements were performed on three different sites on the cell surface, checking the
glass reference between measurements to ensure that the probe was accurately detecting
the surface.
A distance versus deflection plot was produced for each measured cell site by
the software and was exported to a spreadsheet (Microsoft Excel version 4). The
indentation values were determined by calculating the distance difference between the
cell and glass reference plots for all deflection values (Fig. 2.4). The distance values (x
axis values) for the glass reference and cell data were calculated by using linear
regression analysis and solving for x using the equation of the line: y = mx + c (Fig.
2.4).
The cantilever deflection values (nA) (expressed in nA as AFM sensor values)
were converted into a loading force (nN) using the following equation :
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Force (nN) = cantilever spring constant
sensor response

The indentation values were subsequently plotted against the corresponding
loading force to produce a force versus indentation (F/I) plot for each measured cell
spot. The slope of the F/I plot was subsequently calculated to give a relative value of
cell elasticity and the slopes of the F/I plots obtained at different sites on the cell surface
were averaged to yield a mean elasticity value for each cell analysed. This method
generally follows the method described by Weyn et al. (1997).
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Fig. 2.4

Distance Versus Deflection Curves of a Glass Substrate and

of a Cell.
The X axis is the distance between the tip and sample and the y axis is the deflection of
the cantilever. For the glass substrate the amount of cantilever deflection equals the
amount of tip movement. This is represented as a straight line that can be used as a
reference line (A). When the sample is softer than the tip, as in the case of the cell, the
surface is deformed and the tip indents the sample. In this case, the amount of tip
movement is larger than the amount of deflection which is represented by a curve with a
smaller slope (B). The indentation of the cell by the tip is determined by calculating the
distance difference between the cell and glass reference lines for all deflection values.
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Chapter 3:

Separation and Concentration of
a Lymphocyte Population from
Human Blood

3.1

Introduction

A necessar>' prerequisite to performing AFM studies on leukocytes from a whole
blood sample is a suitable isolation or enrichment procedure whereby leukocytes can be
separated from erythrocytes, by which they are greatly outnumbered. A number of different
procedures may be considered for this purpose, and previous AFM studies on leukocytes
successfully employed enrichment procedures such as separation on a ficoll density
gradient (Gould et al. 1990), selective absorption onto silanised glass (Butt et al., 1990a),
and absorption onto IgG-coated glass (Gould et al., 1990). In addition to concentrating the
leukocyte population, the ability to isolate different types of leukocytes (e.g. granulocytes
or mononuclear cells) from the population as a whole would be a considerable advantage
for AFM studies, where cell identification is not straight-forward.
In the present study, each of these techniques was assessed for the ability to
provide sufficient numbers of morphologically-intact leukocytes, in a sufficiently robust
condition to allow AFM studies to be performed.

3.1.1

Separation of Blood Ceils by Differential Sedimentation on a
Density Gradient

A large proportion of separation studies are based on the sedimentation properties
of cells under gravitational and centrifugal forces (Vallee et al., 1947; Minor and Barnett,
1948; Jago, 1956; Boyum, 1968; Hunt, 1978). If blood cells are allowed to sediment in a
tube until a state of equilibrium is established, the cells will be distributed in the tube
according to their densities (Mel, 1963, 1965). The average density of an erythrocyte is
1.093 g/ml (Reznikoff, 1923) and leukocytes have an approximate density of 1.080 g/ml
(Vallee et al., 1947). Erythrocytes will therefore occupy a lower position than leukocytes in
the sedimentation tube, hence they can be separated from each other by sedimentation.
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The sedimentation law can be used as a model to understand the behaviour of blood
cells in a gravitational field. The sedimentation law describes the sedimentation rate of
uniform spherical particles suspended in a liquid medium. The sedimentation rate depends
on the size and density of the particles, and on the density and viscosity of the suspending
medium (Boyum, 1968c). Under the force of gravity there is a constant downward pull on
the paiticle which causes it to sink. The sedimentation rate of the particles can be increased
by application of a centrifugal force which is greater than the gravitational force (Boyum,
1968a).
However, the sedimentation law cannot be applied quantitatively to calculate the
sedimentation rates of blood cells (Boyum, 1968c). Blood cells deviate from the uniform
spherical shape and cell size and density are not well-defined quantities, but depend on the
composition of the surrounding medium (Potts and Parry, 1964). If the assumption is
made that the different cell types deviate approximately similarly from the spherical shape,
and that they sediment in a similar fashion, their approximate sinking velocities can be
predicted (Boyum, 1968c).
In the studies described by Boyum (1968a, 1968b) cell separation was achieved on
an Isopaque-ficoll (Ip-ficoll) density gradient. Whole blood, diluted in physiological saline,
was separated on an Ip-ficoll gradient (density = 1.077 g/ml) by centrifugation at 400g for
40 min (Boyum 1986a). Alternatively, undiluted whole blood was separated by
sedimentation on a Ip-ficoll gradient (density = 1.080 g/ml) at 4°C for 6 h (Boyum,
1968b). Ficoll causes erythrocytes and granulocytes to aggregate. The resulting cell clumps
will thus have a higher rate of sedimentation and this is used as the basis for separation
from mononuclear cells. After separation, the different cell types are distributed according
to their densities in the Ip-ficoll gradient.
Density gradient isolation, as described by Boyum (1968a), was chosen as the
method for lymphocyte enrichment in a previous AFM study by Gould et al. (1990), who
successfully imaged lymphocytes isolated from blood using a ficoll gradient. Thus, in the

130

present work the protocols of Boyum (1968a, 1968b) (Sections 2.2.1 and 2.2.2) were
assessed for their ability to isolate a viable population of morphologically-intact
lymphocytes in sufficient numbers for the performance of AFM studies.

3.1.2

Separation and Concentration of a Lymphocyte Population
using an Immuno-selection Procedure

A major technical advance in the field of cell separation has been the ability to
fractionate cells on the basis of surface phenotype. The functional diversity that
characterises lymphocytes as T or B cells is based on the selective expression of different
immunological markers at the cell surface (Section 1.3.2). The expression of surface
immunoglobulin has been used to isolate B cells from a mixed cell population (Edelman et
aL, 1971; Wysocki and Sato, 1978; Gould et al., 1990).
Previous AFM studies have also employed antibody selection procedures for the
isolation of leukocytes. Gould et al. (1990) used IgG-coated glass to selectively bind
lymphocytes from a whole blood population and successfully imaged adherent cells.
However, a lack of detail in this report makes it difficult to reproduce the procedure
accurately. Thus, in the present work the procedure of Wysocki and Sato (1978) was
assessed for its ability to select human B lymphocytes from blood for AFM imaging. This
technique has the advantage of potntially allowing for the highly specific selection of
subpopulations of cells for AFM imaging. This would be of great benefit when studying
cells in a particular disease state which may be identified and selected on the basis of their
expression of disease-specific antigens.
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3.1.3

Isolation of Leukocytes by Selective Absorption onto Silanised
Glass

In a previous AFM study Butt et al. (1990a) successfully imaged leukocytes which
had been positively selected from a whole blood sample and immobilised using silanised
glass coverslips (Section 2.2.8). The non-adherent erythrocytes were removed by a
washing step and the bound leukocytes were fixed in 1% glutaraldehyde prior to the AFM
study. This technique is less specific than the methods of Boyum (1968a, 1968b) or Gould
(1990) in that it does not select for a specific leukocyte type, however it does provide a
means of leukocyte immobilisation for AFM liquid imaging.
In the present study, the method of Butt et al. (1990a) was assessed for the ability
to immobilise a leukocyte population from whole blood for AFM study. Should this
technique prove successful, it was intended to employ it to immobilise a specific leukocyte
population which would have been previously purified and enriched by a different method,
thus allowing the possibility of AFM liquid imaging of a specific population of leukocytes.
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3.2

Results and Discussion

Isolation

3.2.1

of Lymphocytes from Human Blood

by Density

Gradient Centrifugation by the Method of Boyum (1968a)

In the present study lymphocyte populations were isolated from whole blood and
leukocyte concentrates (“buffy coat” samples. Section 2.1.4) using the procedure described
by Boyum (1968a) (Section 2.2.1). After the separation procedure the blood cells were
separated into two fractions. The mononuclear cell population (lymphocytes and
monocytes) was located at the plasma-ficoll interface and was termed the “top fraction”,
while the erythrocyte and granulocyte population at the bottom of the tube was termed the
“bottom fraction”. The results of differential counts, cell yields, and assessment of cell
viability and morphology, performed on the top and bottom fractions of the separated
whole blood and leukocyte concentrate (“buffy coat”) samples are presented in the
following sections.

3.2.1.1

Assessment of Lymphocyte Isolation from Whole Blood and
Leukocyte Concentrates by the Method of Boyum

(1968a)

using Differential Cell Counts

The ability of this procedure to isolate a pure lymphocyte population was assessed
by performing differential counts (Section 2.2.3) on the original and separated samples
(Table 3.1). Complete removal of erythrocytes was achieved yielding a pure leukocyte
population. However, in contrast to previous studies (Boyum, 1968a) isolation of a pure
lymphocyte population was not achieved.
In the case of the leukocyte concentrate (“buffy coat”) samples the top fraction
contained a mixture of leukocyte populations with average counts of 53% neutrophils, 36%
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lymphocytes, and 10% monocytes recorded. The bottom fraction contained an average of
74% granulocytes (70% neutrophils and 4% eosinophils) and 25% mononuclear cells (18%
lymphocytes and 7% monocytes) (Table 3.1).
A large degree of inter-experimental variation was present, as illustrated by the large
standard error (S.E.M.) values associated with each of the differential values (Table 3.1).
For the top fraction an S.E.M. value of 26% was calculated for granulocytes, and an
S.E.M. value of 30% for mononuclear cells. Variation between separation trials was also
reported by Boyum (1968a) with data ranges of 14% for granulocytes and 22% for
mononuclear cells recovered in the top fraction of whole blood samples.
The poor separation of lymphocytes and granulocytes into distinct cell populations
can perhaps be explained by the composition of the leukocyte concentrate (‘huffy coat”)
sam.ple. The percentage distribution of the different leukocyte types present in the original
concentrate (Table 3.1) and the number of erythrocytes present per millilitre of sample is
equivalent to that in whole blood. However, leukocyte concentrates contain approximately
ten times more leukocytes per millilitre of sample than are present per millilitre of whole
blood. Boyum (1968c) reported that ideal and selective sedimentation of cells does not take
place unless the cell concentration is low, as high numbers of leukocytes have a tendency to
stick together and the resulting cell aggregates sediment more rapidly, and to a greater
extent, with the erythrocytes. At low concentrations leukocytes are more likely to sediment
as single cells, in which case granulocytes pass the interface level while lymphocytes do
not and are retained in the top fraction (Boyum, 1968a). It is suggested that during
separation of leukocyte concentrates, a high concentration of lymphocytes and granulocytes
enter the gradient layer simultaneously and some of these lymphocytes are carried down
with the granulocyte aggregates. The remaining lymphocytes and granulocytes remain in
the top fraction, or in the plasma phase. In the present study it was observed that the
plasma was still somewhat cloudy after centrifugation indicating that not all of the cells left
the plasma and entered the gradient during the 40 minute separation period. Boyum (1968a)
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found that dilution of whole blood with physiological saline led to increased lymphocyte
yields with no appreciable increase in erythrocyte or granulocyte contamination in the top
fraction. Thus, it is possible that increasing the dilution of the leukocyte concentrate sample
would perhaps improve the separation achieved in the present study. However, as the
leukocyte population recovered in the top fraction was too damaged for the performance of
AFM studies (Section 3.2.1.3), this matter was not pursued.
The separation procedure of Boyum (1968a) was also applied to whole blood
samples, and the differential counts of leukocytes, both before and after the separation
procedure, are summarised in Table 3.1. Boyum (1968a) found that the distribution of
lymphocytes and monocytes in the top fraction of separated blood depends on the
differential picture of the original blood sample. The average differential counts of
leukocytes in the whole blood samples used in the present study (Table 3.1) lie within the
percentage differential ranges quoted for normal blood (Fig. 2.2).
Improved sepaiation of lymphocyte and granulocyte populations was achieved
when whole blood was used as the starting sample with the top fraction containing 67%
lymphocytes, 13% monocytes, and 18% neutrophils (Table 3.1). However, Boyum
(1968a) achieved a better separation of leukocyte subpopulations from whole blood with
80% lymphocytes, 19% monocytes and 0.1% granulocytes recorded for the top fraction.
In summary, the method of Boyum (1968a) successfully isolated a pure leukocyte
population from whole blood and leukocyte concentrate samples. However, isolation of a
pure lymphocyte population was not achieved as granulocytes were present in the top
fraction of both sample types. Somewhat improved separation of leukocytes into specific
subpopulations was obtained using whole blood samples, and it was thus concluded that
whole blood was a more suitable sample than leukocyte concentrates for this separation
procedure.
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3.2.1.2

Leukocyte

Yields

after Isolation

from

Whole

Blood

and

Leukocyte Concentrates by the Method of Boyum (1968a)

The yields (Section 2.2.3) of the different leukocyte types recovered in the top and
bottom fractions of the separated samples are summarised in Table 3.2.
Where leukocyte concentrates were used as the starting sample, a 58% recovery of
the original leukocyte population was achieved with 83% of the recovered cells remaining
in the top fraction. Thus, the majority of the leukocytes remained in the top fraction failing
to separate into distinct granulocyte and lymphocyte populations. The poor separation and
recovery of cells can perhaps be attributed to the high leukocyte numbers present in the
original sample as discussed previously (Section 3.2.1.1). The plasma layer of the
leukocyte concentrate sample remained cloudy after centrifugation which was due to the
presence of leukocytes which had not entered the gradient layer. These cells were not
included in the cell counts performed on the top and bottom fractions and thus were
excluded from the calculations of cell yield. Additional cell losses may have also been
incurred due to destruction of cells by the lengthy centrifugation step. This is supported by
the fact that the examination of cells recovered in the top fraction showed extensive damage
to cell morphology (Section 3.2.1.3) (Fig. 3.1).
Total recovery of lymphocytes (61%) was the same, within the limits of
experimental error, as that achieved for monocytes (56%) and granulocytes (56%). The
low granulocyte yield may be due to cell losses and damage incurred upon passage through
the ficoll layer. Boyum (1968b) found that granulocytes are more sensitive to osmotic
changes than lymphocytes as the density of granulocytes increases more than the density of
lymphocytes in hyperosmotic surroundings. In addition, the osmolarity of the Ip-ficoll
gradient increases steadily from the plasma phase to the bottom of the separation tube, and
so the granulocytes are passing through a gradient of increasing osmolarity as they
sediment down through the ficoll layer. The increase in osmolarity from the top to the

137

bottom of the Ip-ficoll gradient can be explained using a model proposed by Boyum
(1968b). This simplified model assumes that the lower part of the gradient contains Ip and
the upper part contains NaCl (instead of plasma). Both compounds are fully dissociated
sodium salts and initially there is no concentration gradient. Over time the chloride ions
diffuse into the Ip compartment and the Ip anions diffuse into the NaCl compartment. The
chloride ions diffuse faster, due to their smaller size, than the Ip anions. As a result the Ip
compartment will develop a slight negative charge and attract sodium ions into the
compartment as well, thereby creating an osmotic gradient. Osmotic equilibrium is not re
established until complete remixing has taken place. It is suggested that the increase in
osmolar concentration causes some dehydration and shrinking of the granulocytes (Boyum,
1968b), possibly rendering them more susceptible to physical trauma during the
centrifugation step employed in this study.
It is possible that the low lymphocyte and monocyte yields observed may also be
due to losses from cell breakage and damage incurred during centrifugation.
Erythrocyte contamination of the top fraction was very low (0.2%) illustrating a
successful separation of erythrocytes from leukocytes.
Application of the separation procedure to whole blood samples yielded a 71%
recovery of the original leukocyte population (Table 3.2) with 53% of the recovered cells
remaining in the top fraction. This improvement in cell recovery may be a result of the
lower leukocyte concentration of the whole blood sample. Normal whole blood samples
contain approximately 4-10 x 10^ leukocytes per millilitre of blood which is approximately
one tenth of the concentration of leukocytes in the leukocyte concentrate sample. It is
proposed that the lower cell numbers allowed passage of all the leukocytes from the plasma
phase into the gradient layer as the plasma layer was clear and contained no cells at the end
of the separation period. The improved separation of the leukocyte subpopulation achieved
is also attributed to the lower cell numbers in the sample. The cell differential profile of the
top fraction showed that 88% of the recovered lymphocytes and 78% of the recovered
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monocytes were located in this fraction. In addition, granulocyte contamination was
substantially reduced (Table 3.2).
A yield of 1(X)% was achieved for lymphocytes, which was in agreement with that
achieved by Boyum (1968a). However, the total monocyte yield (89%) was slightly lower
than the 99% achieved by Boyum (1986a) from whole blood samples. Total granulocyte
recovery (56%) from whole blood was the same as that achieved for the leukocyte
concentrate samples (Table 3.2). However, in this case a much improved separation was
achieved with the majority of the recovered granulocytes (78%) located in the bottom
fraction as expected. No details of granulocyte recoveries were given by Boyum (1968a). It
is proposed that the granulocyte losses observed are largely a result of damage incurred
during the passage of the cells through the ficoll gradient and exposure to centrifugal
forces, as discussed earlier.

139

"O
©

©
u

u
CQ
a
©
(/}
©

X

r-rq
T\

c

T3

.2

•4^

©

ij

4:
2
©
•«i^
o
pa

c
©

S

c

C
.2

c«

VO
+1

VO
+1
tH

Im

VO
+1
Tf

+1

^<4

o
.©
-©
c

z

Sc
1®
I-*"*
i©
I^
fa
1.0

IH

tH

VO

OV

+1

+1

+1

+1

00

QO

QO
t-

a

O

G

JPP

O

▼H

00

V
'w'

-©
©
u

W)

©

03

©
©

C

_o
"a
bX)
,G

u

1/3
©

n

fs

+1

+1

Tf

ov

'4—>
©
©

T3

+1

a

C

<

+1

©

OS

©

Z

©

©

X
c/3

fH
+1

a
o
H

i>
Vi

+1
00
Tf

VO

00

+1

+1
fH

Tf

os
Tt

V

©
1/3

©
©
5*^
TP
©
JS
-M

X

0

0
10
X3

I'

f.

0
0

8
f—<

a

0
S

5
c«
G

0
s

o.§

a

u q

W U

1/3
d)
-4—>

1

CX
©

t4_

O
Ui
©

X

aG
©

X

c3
©

X

o

c
o3

©

a
©

X

C
©

c
o

©
©

G

1/3

d) '^3

©

C

a
o

©

m

C/D

o

h

©

2
"©
•p4
c«
d)

X

03

©
c3
c9
a
©
c/3
©

a
o
©

X

8

{/>
<D

©
a
x;
©

X

C/3

"a

0

fO

<
Z

c/3

a
0

c

c3
c3

©

©
a

O

C+-I

©

s

■t—>

So3

X)
T3

©

©

'a
a
03

©

©

>>

03

©
c/3

a

©

_©

X

03

1c
10
1^
1^
I1 s
10

I

Q

00

©

wH

c/3

I
a
03

.c

o
X

O
©

CQ

©

©

q
CN
CN
c
_o

03
S-H
bX)

B
o

I

a
'5b

o
V3

+'
g

o

©
X
;-l
c3
'G

C

03
X

©

12

g

T3
O

13
©

X

©
Ui
©

c_3

"©
U

w

2

X
cn
2

©
"a

2

a

CQ
H

SQ

!/3

g

II

«4-(

0

(N

c/3
2
'©

pq

00

o

3.2.1.3

Assessment

of

Viability

and

Morphology

of

Leukocytes

Isolated from Whole Blood and Leukocyte Concentrates by the
Method of Boyum (1968a)

Greater than 90% viability was observed in leukocytes isolated from both leukocyte
concentrate and whole blood samples, as estimated by exclusion of Trypan Blue (Section
2.2.4). However, leukocyte mor{)hology was extensively altered in each case (Fig. 3.1,
3.2). All leukocyte smears were stained using a Hema-Tek automated slide Stainer (Section
2.2.10) which ensured a uniformity of staining.
During these studies the following steps were taken to minimise damage to the
morphology of the isolated leukocytes, prior to, and during the separation procedure. The
freshest possible whole blood and leukocyte concentrate samples were used to ensure
maximum viability of the cells prior to separation. The leukocyte morphology of whole
blood and concentrate samples was examined using the optical microscope (Section 2.2.10)
and full blood counts were performed on the Technicon H*2 (Section 2.2.3) to ensure that
the differential count fell within normal ranges. Due care was taken at all stages to ensure
that the cells were treated gently, and pipetting and resuspension steps were kept to a
minimum. Initially the leukocyte concentrates were prepared from whole blood samples (10
ml) donated by volunteers in the Cork Institute of Technology. However, the volumes of
the concentrate (1 ml) obtained from these samples proved too low to allow the separation
procedure to be easily performed. In order to obtain the larger sample volumes necessary to
accurately assess this procedure, it was decided to use leukocyte concentrates prepared by
the Blood Transfusion Service Board (Section 2.1.4). However, the preparation procedure
followed by the Blood Transfusion Service Board involves holding the original whole
blood samples for a minimum of 16 hours at 22°C until the blood is tested for viruses.
Once the leukocytes are separated from the erythrocytes the cells remain viable for a
maximum of 6 hours in the leukocyte concentrate blood pack (John Sheehy, Munster
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Regional Transfusion Centre, Cork, personal communication). This is a consequence of
the fact that leukocyte concentrates are highly metabolically active samples. After a period
of a few hours a build-up of carbon dioxide and other toxic waste products within the
blood pack causes a reduction in pH which results in cell death. In the present study, all
leukocyte concentrates were used within 3 hours of the completion of sample preparation at
the blood bank. However, it is possible that the age of the leukocyte concentrates resulted
in increased cell fragility which may in turn have contributed to the lower leukocyte yields
obtained relative to those obtained with whole blood samples (Section 3.2.1.2), which
were only 1 to 3 hours old upon commencement of the Ip-ficoll separation procedure.
It is suggested that the damage to leukocyte morphology observed in the present
study was caused by a combination of the lengthy centrifugation step and the subsequent
smearing of the isolated cells in the final blood film preparation. The leukocytes were not
broken up during centrifugation as the cells were found to be viable after this procedure, as
estimated by Trypan Blue exclusion. Thus, it appeal's that leukocyte fragility may have
been increased during the prolonged centrifugation and the fragile cells w'ere subsequently
broken during blood smear preparation. This conclusion is supported by previous studies
in which Coulson et al. (1964) reported that differential centrifugation imposes stress on
lymphocytes and Boyum (1968b) observed that in cell suspensions containing only
lymphocytes and monocytes, the cells were easily broken when making a blood smear. In
comparison, lymphocytes and monocytes in a suspension containing all blood cell types
were better preserved (Boyum, 1968b).
In summary, the method of Boyum (1968a), applied to whole blood samples, was
successful as a leukocyte enrichment technique and high yields of viable cells were
recovered in the isolated top fractions. However, it appeared not to be a valid technique by
which to harvest a pure lymphocyte population for AFM study for the following reasons.
The procedure failed to isolate a pure lymphocyte population and granulocytes were
recovered in the top fractions of both whole blood and leukocyte concentrate samples. In
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addition, it was observed that separation of leukocytes into specific subpopulations was
achieved to a lesser extent with leukocyte concentrate samples than with the whole blood
samples, perhaps as a result of the high leukocyte numbers preventing the efficient
separation of granulocytes from lymphocytes. The cells recovered were in a weakened
physical state and noimal cell morphology was severely compromised after immobilisation
on glass slides for AFM studies.
Thus, it was concluded that a gentler method of lymphocyte recovery was required.
To this end the method of Boyum (1968b) was selected for study as, in this procedure, the
centrifugation step is eliminated and separation of the different blood cell types is achieved
by sedimentation at Ig at 4°C on an Ip-ficoll gradient (density = 1.080 g/ml). Studies on
recovery and isolation of a lymphocyte population, together with results of cell viability and
morphology assessments are presented in the following section.
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Fig.

3.1

A Romanowsky-stained smear of leukocytes isolated from a leukocyte

concentrate sample by the method of Boyum (1968a) (Leishman Stain xlOOO).

Fig. 3.2 A Romanowsky-stained smear of leukocytes isolated from a whole blood
sample by the method of Boyum (1968a) (Leishman Stain xlOOO).
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Isolation of Lymphocytes from Human Blood by Sedimentation

3.2.2

in a Ig Gravity Field using the Method of Boyum (1968b)

In the present study, lymphocytes were isolated from whole blood as described by
the method of Boyum (1968b) (Section 2.2.2). The results of differential counts, ceU
yields, and assessment of cell viability and morphology, as performed on the top and
bottom fractions of the separated blood, are presented in the following sections.

3.2.2.1

Assessment of Lymphocyte Separation from Whole Blood by
the Method of Boyum (1968b) using Differential Cell Counts

The ability of this procedure to isolate a pure lymphocyte population was assessed
by performing differential counts (Section 2.2.3) on the original and separated blood
samples (Table 3.3). The majority of lymphocytes (60%) were located in the top fraction
and the majority of granulocytes (74%) were located in the bottom fraction, as expected.
The top fraction contained a mixture of lymphocytes (60%), monocytes (11%), and
granulocytes (29%), while the bottom fraction contained 74% granulocytes, 12%
lymphocytes, and 13% monocytes. Thus, the technique successfully enriched the
lymphocyte population, although isolation of a pure population was not achieved. A purer
separation of leukocyte populations was reported by Boyum (1968b), in which study the
top fraction contained 82% lymphocytes, 15% monocytes, and 3% granulocytes.
The recovery of mixed leukocyte populations in the present study may be attributed
to the failure of the Ip-ficoll solution of intermediate density (1.050 g/ml) to cleanly split the
leukocyte layer into pure lymphocyte and granulocyte fractions (Section 2.2.2) (Fig 3.3).
The upper edge of the leukocyte layer, closest to the plasma interface, contains
lymphocytes while the lower edge of the leukocyte layer contains the denser granulocytes.
The central part of the leukocyte layer contains therefore an admixture of granulocytes and
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lymphocytes. It would appear that upon addition of the 1.050 g/ml Ip-ficoll solution, some
lymphocytes present in the midlayer were carried down with the granulocytes, while some
granulocytes remained trapped among the lymphocytes. It is also possible that upon
removing the top fraction some mixing of the different layers, and hence of the cell
fractions occurred due to the proximity of the different layers, even after addition of the
intermediate density Ip-ficoll solution (Fig. 3.3).
The failure of the solution of inteimediate density to split the leukocyte layer into
pure lymphocyte and granulocyte cell populations also resulted in a reduction in
lymphocyte yields recovered in the top fraction. As previously mentioned, lymphocytes
present in the midlayer of the leukocyte fraction were liable to be carried down with the
granulocyte aggregates upon addition of the intermediate density solution and were thus
lost to the top fraction. It was therefore decided to increase the lymphocyte yield, at the
expense of purity, by omitting the addition of the 1.050 g/ml Ip-ficoll solution and use the
recovered layer directly for further studies (Section 3.3.2 and 4.1).
Subsequent purification studies investigated an immunological selection procedure
as a means of purifying a specific subpopulation of cells from the above described enriched
leukocyte sample. The results of this study are presented in Section 3.3.
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Fig. 3.3 Distribution of the Different Blood Cell Types after Separation on
an Ip-ficoll Gradient (Density = 1.080 g/ml) for 6 h at 4°C
The leukocyte layer is located at the plasma/ficoll interface. Lymphocytes occupy the upper
edge of the leukocyte layer, while granulocytes are located in the lower part of the layer.
The central part of the layer contains an admixture of lymphocytes and granulocytes.
Further separation of the cell populations was attempted by the addition of an Ip-ficoll
solution of intermediate density (density = 1.050 g/ml) (Section 2.2.2).
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3.2.2.2

Leukocyte Yields after Isolation from Whole Blood by the
Method of Boyum (1968b)

The yields (Section 2.2.3) of the different leukocyte types recovered in the top and
bottom fractions of the separated blood samples are summarised in Table 3.4.
After application of the separation procedure to the whole blood samples a 50%
yield of leukocytes was obtained, with 25% of the recovered cells located in the top
fraction. This presents a contrast to the results obtained using the method of Boyum
(1968a) where overall leukocyte recovery (71%) was considerably higher, and half (53%)
of the cells remained in the top fraction (Section 3.2.1.2).
When recovery of specific leukocyte subpopulations was examined, it was seen that
only 50% of the original lymphocyte population was recovered with 60% of these
recovered cells located in the top fraction. This lymphocyte yield is only half of that
achieved using the method of Boyum (1968a). The recovered cells were distributed evenly
between the top and bottom fractions, in contrast to previously where 88% of the recovered
lymphocytes were located in the top fraction (Section 3.2.1.2). The overall yields of
monocytes (88%) and granulocytes (43%) were comparable to those achieved using the
method of Boyum (1968a), a slightly lower percentage of the recovered granulocytes (13%
versus 22%) were observed in the top fraction.
These results also differ somewhat from those obtained by Boyum (1968b).
Boyum (1968b) obtained an average leukocyte yield of 70% but details of recoveries of the
different leukocyte types in the top and bottom fractions are not given. However, such
details are given for another similar study performed by Boyum (1968b) which involved
separation of whole blood at Ig on an Ip-dextran gradient (density = 1.074 g/ml) at 5°C for
3 h. In this case recoveries of lymphocytes (94%) and monocytes (84%) in the top fraction
were higher than those obtained in the present study. However, the yield of granulocytes
(60%) recovered in the top fraction was also significantly higher.
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The low lymphocyte yields in the top fraction are thought to be due to the failure of
the 1.050 g/ml solution to subdivide the leukocyte layer into pure lymphocyte and
granulocyte fractions as discussed previously (Section 3.2.2.1).
Granulocyte recoveries (43%) are slightly lower than those obtained for whole
blood using the method of Boyum (1968a) as discussed in Section 3.2.1.2. A possible
reason for the low granulocyte recoveries may be due to cell clumping. In these studies all
whole blood samples were treated with EDTA, which is the anticoagulant of choice for
blood cell counts and morphology studies. Erythrocytes, leukocytes, and platelets are
stable for at least 24 hours in EDTA. However, EDTA-dependant agglutination of
erythrocytes, platelets, and neutrophils can occur which, although detectable by visual
counting, can produce spurious low counts when using cell counting instmments (Hall and
Malia, 1991). It is possible that clumping of neutrophils due to agglutinins contributed to a
reduction of the granulocyte yields. However, despite the low yields, granulocyte
contamination (6%) of the top fraction is lower than that present in the top fraction (13%)
after separation by the method of Boyum (1968a).
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3.2.2.3

Assessment

of

Viability

and

Morphology

of

Leukocytes

Isolated from Whole Blood by the Method of Boyum (1968b)

An average of 84% viability was recorded for the isolated leukocytes, as estimated
by exclusion of Trypan Blue (Section 2.2.4). Cell morphology was assessed by
examination of stained blood films under the light microscope (Section 2.2.10) and
appeared to be unchanged by the separation procedure except that the granulocyte cells
appeared to be a little shrunken (Fig 3.4). This effect on granulocyte morphology is to be
expected as granulocytes are more sensitive to osmotic changes than lymphocytes (Boyum,
1968b). In the hyperosmotic Ip-ficoll gradient granulocytes shrink and lose water which
facilitates their separation from lymphocytes, as the resultant increase in cell density causes
the granulocytes to sediment downwards to the bottom of the Ip-ficoll gradient (Boyum,
1968b).
In summary, the method of Boyum (1968b) is a valid technique for the isolation of
a viable, morphologically-intact leukocyte population from whole blood. However, the
procedure did not achieve recovery of a pure lymphocyte population from whole blood and
a mixed population of lymphocytes and granulocytes were recovered in the top fraction.
Leukocyte recovery was less than that reported previously (Boyum, 1968b) but the
isolated cell population was further concentrated by a short centrifugal step (Section 2.2.2).
These cells were sufficiently robust to allow immobilisation in a blood smear providing a
suitable cell population for AFM study, results of which are presented in Chapter 4.
To harvest a lymphocyte population from the isolated leukocyte fraction it was
decided to investigate the possibility of using antibodies specific to lymphocyte surface
antigens. Furthermore, antibodies specific to cell surface antigens can be used to
immobilise cells onto solid supports (Gould et ai, 1990) which is a prerequisite for AFM
liquid imaging studies of cells. AFM imaging in liquid allows cell studies to be performed
in an environment closer to physiological conditions. In this study it was decided to
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investigate the ability of anti-IgG antibodies to select and immobilise a B lymphocyte
population to a polystyrene surface for APM studies in liquid. The results of this study are
presented in the following section.
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Fig. 3.4

A Romanowsky-stained smear of leukocytes isolated from a whole blood

sample by the method of Boyum (1968b) (Leishman Stain xlOOO).
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3.3.1

Investigation

of

Goat

Anti-Human

IgG

Coating

of

a

Polystyrene Surface

Although the method of Boyum (1968b) has been shown to be suitable for the
isolation of leukocytes from whole blood for AFM studies (Section 4.1), the population of
cells produced is very mixed, containing lymphocytes, monocytes, and granulocytes (Table
3.3, 3.4). In order to establish the normal range of values for the different cell parameters
which can be measured by AFM (e.g. cell height and width, surface roughness, membrane
elasticity, etc.) it is necessary to isolate specific populations of leukocytes for study. Such
specific selection of cells is also of great importance if the AFM is to be used in the analysis
of malignant cells to aid disease diagnosis. As the different subpopulations of leukocytes
display cell surface markers (antigenic determinants) which are specific for cell type, stage
of development, and health status, it was decided that an immuno-selection procedure
would be most suited to the purposes of this study. To this end, various techniques were
considered and the method of Wysocki and Sato (1978) was chosen for further
investigation. This straight-forward procedure describes the coating of bacteriologicalgrade polystyrene with an anti-human IgG antibody as a means of selecting B lymphocytes
from a heterogenous population of T and B lymphocytes isolated from murine spleens. It
was envisaged that this method could be easily adapted to the selection of many different
populations of cells simply by altering the specificity of the antibody coating the
polystyrene surface. In addition, it was hoped that the selected cells would be sufficiently
strongly bound to the polystyrene surface to allow AFM liquid imaging to be performed.
Thus, studies were performed in which polystyrene squares, coated with goat anti
human IgG (Section 2.2.6) were assessed as a means to select and immobilise a B
lymphocyte population for APM studies. A preliminary experiment was performed to
determine the binding characteristics of the antibody to polystyrene. Microtitre plate wells
were exposed to a range of antibody concentrations (5-100 pg/ml) and the bound antibody
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was detected using an anti-goat IgG alkaline phosphatase conjugate. A linear relationship
between antibody concentration and binding to polystyrene was observed throughout this
concentration range (Fig. 3.5). However, Wysocki and Sato (1978) demonstrated selection
and binding of B lymphocytes to bacteriological-grade polystyrene coated with antibody at
a concentration of 10 |ig/ml. In the interests of economy it was thus decided to first
investigate the possibility of achieving selective B lymphocyte binding (Section 2.2.7) at
this lower antibody concentration before resorting to the higher concentrations which
would appear to be necessary to achieve saturable binding of this antibody to polystyrene.
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Fig. 3.5 Assessment of Goat Anti-Human IgG Binding to Microtitre Plate
Wells
Microtitre plate wells were coated with 100 |il of goat anti-human IgG (5-100 |ig/ml) in
PBS-T and incubated overnight at 4°C. Detection of the coating antibody was performed
by incubating with anti-goat IgG alkaline phosphatase conjugate (100 pi) (of a 1000-fold
dilution in PBS-T) at room temperature for 2 h. Substrate buffer (100 pi) contained 4nitrophenyl phosphate (2 mg/ml) and, after incubation at 37 °C for 30 min, the absorbance
was measured at 405 nm. Non-specific binding was estimated by performing the assay on
uncoated wells (n = 18). Data shown are the mean ± S.E.M. (n = 6) and the mean value for
non-specific binding has been subtracted from each of the data points.
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3.3.2.

Isolation

of Lymphocytes

from Whole

Blood

by Positive

Selection on Goat Anti-Human IgG-coated Polystyrene by the
Method of Wysocki and Sato (1978)

A leukocyte suspension isolated from whole blood according to the method of
Boyum (1968b), was placed on polystyrene squares coated with goat anti-human IgG
(Section 2.2.7). Lymphocytes bound to the polystyrene surface, as seen using the light
microscope (Section 2.2.10) (Fig. 3.6). Although it was not possible to determine the
lineage of the lymphocytes with the Romanowsky stain (Leishman Stain) used prior to light
microscopy, it is probable that the selected cells were B, and not T lymphocytes, as only B
lymphocytes express surface IgG for which the coating antibody is specific.
Each time this procedure was performed, a control experiment was cairied out in
which antibody binding to the surface of the polysytrene squares was confirmed using the
anti-goat IgG alkaline phosphatase conjugate detection system established previously
(Section 2.2.5.2, Section 3.3.1). The mean absorbance obtained (0.174, n = 2) was in
agreement with that observed previously for antibody binding to microtitre plate wells (Fig.
3.5), indicating that the levels of binding achieved in each case were similar. However,
accurate comparison of the two systems is not possible due to difficulties in controlling the
exact surface area exposed to the reagents when dealing with the polystyrene squares
(Section 2.2.6).
The selectivity of this procedure was illustrated by comparsion with results obtained
when untreated polystyrene squares were exposed to the leukocyte suspension. In this case
all leukocyte types bound to the uncoated polystyrene surface, and no specific selection of a
lymphocyte population was observed. This result is in agreement with previous studies
reporting the adherence of leukocytes to glass (Walker, 1966; Lewis and Robbins, 1970;
Roller et al., 1973) or plastic surfaces (Lewis and Robbins, 1970). Lymphocytes have
been shown to adhere to glass or glass substitutes like nylon, and to plastic culture dishes
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(Lewis and Robbins, 1970). Monocytes have been isolated from mononuclear cell
populations via adherence to plastic petri dishes (Stanciu et al., 1996) and the isolation of
granulocytes from whole blood has been achieved by adherence of the cells to columns of
glass, cotton, or nylon wool (Brandt et al., 1962; Greenwalt et al., 1962; Rabinowitz,
1964; Czerski et al., 1966).
The

isolated

lymphocytes,

immobilised

on

goat

anti-human

IgG-coated

polystyrene, were directly imaged in physiological saline with the AFM. The results of this
study are presented in Chapter 4.
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Fig. 3.6 Lymphocytes Immobilised on Polystyrene Coated with Goat AntiHuman IgG (Leishman Stain xlOOO)
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3.4.1

Selective Absorption of Leukocytes from Whole Blood onto
Silanised Glass by the Method of Butt et al. (1990a)

The method of Butt et al. (1990a) (Section 2.2.8) was assessed for the ability to
select and immobilise a leukocyte population from whole blood onto silanised glass
coverslips.
Four experimental trials were carried out and in each case only erythrocytes bound
to the silanised glass, and no adherence of leukocytes was observed. This result is in
contrast to that of Butt et al. (1990a) who reported adherence of leukocytes to the silanised
glass while erythrocytes were removed by washing. However, further queries (Butt, 1997,
personal communication) indicated that both erythrocytes and leukocytes bound to the
silanised surface and that leukocytes were only observed in two of the four experiments
performed. This result is in closer agreement to that observed in the present study. In
conclusion, this procedure was not deemed to be a suitable method by which to select a
leukocyte population from whole blood for AFM studies.
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Chapter 4:

Morphological Analysis of
Leukocytes using the AFM

4.1

AFM Analysis of Air-Dried Smears of Normal Leukocytes Isolated
from Human Blood by the Method of Boyum (1968b)

AFM analysis was performed on air-dried smears of leukocytes isolated from
normal whole blood samples by the method of Boyum (1968b). The purpose of this
preliminary study was to establish normal ranges for various parameters (cell height,
width, and overall surface roughness (Area Ra)) for the different leukocyte types. This
preliminary chaiacterisation allowed further assessment of the suitability of the leukocyte
isolation and enrichment procedure developed for AFM studies (Section 2.2.2), while also
providing data for a preliminary comparison of normal and leukaemic cells. Measurements
of overall cell surface roughness (Section 2.2.11.4) were initially performed to give a gross
indication of cell surface structure and, later in the study, were used as an approximate
measure of cell dehydration. Except where stated otherwise, the leukocyte images
presented in this chapter are from smears which were rapidly air-dried and subsequently
fixed in ethanol (96%, v/v) (Section 2.2.11.1). Ethanol fixation was used to help preserve
cell morphology and structure (Thorpe, 1982). AFM images of normal leukocytes, with
details of cell height, width, and cell surface roughness measurements, are displayed in
Fig. 4.1-4.11 and the ranges of these parameters are summarised in Table 4.1.
The AFM line analysis images (Fig. 4. l(c)-4.6(c)) revealed that the leukocytes
were sunken and collapsed in the central area of the cells. From the two-dimensional, topview images of the leukocyte surfaces (Fig. 4.1(a)-4.6(a)) it was noted that the shape of
these sunken areas appeared to correspond to the nuclear patterns of stained leukocytes as
seen under the light microscope (Fig. 4.1(b)-4.6(b), 4.6(e)). This observation was
supported by the findings of a previous AFM study (Kalle et ai, 1996) which reported that
the nuclei of strongly-fixed cells (4% paraformaldehyde) were collapsed, with a general
loss of nuclear structure. In the present study, the air-dried smears were fixed in 96%
ethanol prior to AFM imaging (Section 2.2.11.1) which, it was felt, may have had a similar
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effect on the cells’ morphology. (However, subsequent studies (Section 4.2, 4.3) indicated
that other factors were also involved).
This apparent correlation in appearance between the AFM topographic images of
leukocytes and the light microscopic images of stained cells was used to putatively identify
the different leukocyte types in the APM images of the mixed cell population. For example,
a single leukocyte (putative neutrophil) is shown in Fig. 4.1(a). The dark areas (low
height) seen on the AFM image of the cell surface are similar in shape to the nuclear lobes
of segmented neutrophils observed in Romanowsky-stained blood films (Fig. 4.1(b)),
where three lobes can be seen connected by thin nuclear filaments. The line analysis report
for a horizontal line profile taken through this cell is shown in Fig. 4.1(c). A cell height of
615.9 nm, a cell width of 14.8 pm and a surface depression depth of 93.0 nm is measured
at one point on the cell surface. A cell surface roughness of 67.4 nm was measured (Fig.
4.1(d)). The overall shape of the cell is shown in the three-dimensional image (Fig.
4.1(e)).
Further examples of putative neutrophils, with bilobed nuclear patterns, are
displayed in Fig. 4.2-4.4. A similar nuclear pattern has been observed in neutrophils in
stained blood films (Fig. 4.2(c), 4.3(c)). A “dmmstick” shaped protrusion extends from
the upper nuclear lobe in Fig 4.3(a). These characteristic “drumsticks” are seen in
neutrophils in stained blood films from female donors (McDonald et aL, 1978).
A putative eosinophil, with a trilobed nucleus, is presented in Fig. 4.5(a). The cell
had a granular appearance which was evident in both the two and three-dimensional images
(Fig. 4.5(a), 4.5(c)). This coarse, granular cell surface is also reflected in the high surface
roughness measurement of 154.9 nm (Fig. 4.5(d)). The apparent presence of numerous
coarse granules and a segmented nucleus suggest an eosinophilic phenotype. Eosinophils
have an abundance of large granules which stain red in Romanowsky preparations (Fig.
4.5(b)).
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Two leukocytes are shown in Fig. 4.6(a). The lower leukocyte in the image
(putative lymphocyte) has a large central nucleus which extends to the perimeter of the cell.
This area appears as a large central depression with a depth of 273.5 nm measured at one
point on the cell surface in the line analysis report (Fig. 4.6(c)). A round central nucleus
which occupies most of the cell is a characteristic nuclear pattern observed in lymphocytes
(Fig. 4.6 (b)). A cell height of 624.8 nm, a cell width of 14.2 pm (Fig. 4.6 (c)), and a cell
surface roughness of 61.9 nm (Fig. 4.6(d)) was obtained. The upper leukocyte in the twodimensional image (Fig. 4.6(a)) has a horseshoe-shaped nucleus, which is one type of
nuclear fonnation observed in monocytes (Fig. 4.6(e)). The two sunken areas seen in the
line analysis correspond to the two arms of the horseshoe separated by a higher central
ridge of cytoplasm (Fig. 4.6(f)). A cell height of 650.8 nm, a cell width of 15.9 pm (Fig
4.6(f)), and a surface roughness of 216.3 nm was obtained (Fig. 4.6(g)).
As discussed previously (Section 3.2.2), the isolation procedure of Boyum (1968b)
yielded a mixed leukocyte population from whole blood samples for AFM studies. This
presented difficulties when attempting to establish normal ranges for the above mentioned
cell parameters, as it was not possible to firmly establish the identity of the different
leukocytes imaged. Another difficulty encountered was that the different leukocyte types
were not present in large numbers. This created problems when trying to collect sufficient
data on particular cell types to allow meaningful normal ranges for the different parameters
to be established. In an effort to overcome this problem, a light microscope was set up in
conjunction with the AFM to help in targeting leukocyte-rich areas on the smear for AFM
analysis. This provided a greater number of cells for analysis within each 100 pm^ area
scanned. However, the cells were not stained, as staining can introduce morphological
artifacts (Thorpe, 1982), and it was not possible to identify the different leukocyte subtypes
of the unstained cells with the light microscope. The use of antibodies, specific for a given
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leukocyte type, was later investigated as a mechanism for overcoming these problems
(Section 4.4).
AFM analysis was also performed on a population of malignant cells to establish
ranges of cell parameters (height, width, and surface roughness) and enable comparison
with those of normal cells. The results of this study are presented in the following section.
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Putative Cell
Type

n

Cell Height
(nm)

Cell Width
(pm)

Cell Surface
Roughness
(Area Ra)
(nm)

Neutrophil

9

462 - 735

12 - 16

66 - 155

612 ±27

14 ± 0.4

78 ± 10

387 - 684

13 - 14

27 - 75

5661 51

14 ± 0.2

5618

557 - 651

15 - 16

75 - 216

603 ± 27

15 ± 0.5

127 ±45

Lymphocyte

Monocyte

5

3

Table 4.1 AFM analysis of normal leukocytes.
A normal whole blood sample (2 ml) was separated on a Ip-ficoll gradient (density =
1.080 g/ml) for 6 h at 4°C. The isolated leukocyte fraction was removed and pelleted at
600g for 5 min. The pellet was resuspended in 30 pi of plasma and a smear of the
leukocyte suspension was rapidly air-dried and fixed in ethanol (96% v/v). The smear
was scanned with a Topometrix Explorer AFM using contact mode, and cell heights,
widths, and surface roughness measurements (Area Ra) were obtained. The data ranges
and the mean ± S.E.M. (where n is the number of cells analysed) of these parameters
are presented.
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F'ig. 4.1(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a normal leukocyte (putative neutrophil) (image size; 30.2 pm x 30.2 pm).

Fig. 4.1(b)

A neutrophil in a Romanowsky-stained blood smear (Leishman Stain,

xlOOO).
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Image

ff

Distance
1 1.05 um
2 14.88 Um
3 2.11 um

Fig.

Height
615.96 nm
12.92 nm
93.05 nm

4.1(c)

AFM line analysis of a horizontal cross-section line profile (Section

2.2.1 1.4) through a normal leukocyte (putative neutrophil). A cell height (V) of 615.96
nm, a cell width (V) of 14.88 pm, and a depression depth ( ) of 93.05 nm was obtained.

I

Ai»a Ma.

67.1713 r

Fig. 4.1(d) An AFM image measuring the cell surface roughness (Area Ra) of a normal
leukocyte (putative neutrophil). The surface roughness of the area defined by the box was
estimated at 67.47 nm (image size: 21.2 pm x 21.2 pm).
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37 5 nm

0 pim
0

Fig. 4.1(e)

An AFM three-dimensional, topographic image of a normal leukocyte

(putative neutrophil) (image size; 37.5 pm x 37.5 pm).
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Fig. 4.2(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a normal leukocyte (putative neutrophil) (image size: 29.7 pm x 29.7 pm).

Fig. 4.2(b)

A neutrophil in a Romanowsky-stained blood smear (Leishman Stain,

xlOOO).
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#
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462.32 nm
15.88 um 44.71 nm
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159.46 nm

Distance (um)

Fig. 4.2(c) AFM line analysis for a cross-section line profile (Section 2.2.11.4) through
a normal leukocyte (putative neutrophil). A cell height (V) of 462.32 nm, a cell width (V)
of 15.88 pm, and a depression depth ( ) of 159.46 nm was obtained.

14 88 pm

0 vif'
Area R-a 70 5341 nm

Fig. 4.2(d) An AFM image measuring the cell surface roughness (Area Ra) of a normal
leukocyte (putative neutrophil). The surface roughness of the area defined by the box was
estimated at 70.53 nm (image size: 29.7 pm x 29.7 pm).
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38.5 urn

Fig. 4.2(e) An AFM three-dimensional, topographic image of a normal leukocyte
(putative neutrophil) (image size: 38.5 pm x 38.5 pm).
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Fig. 4.3(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a normal leukocyte (putative neutrophil) (image size: 28.5 pm x 28.5 pm).

i
Fig. 4.3(b)

A neutrophil with a “drumstick nuclear” protrusion in a Romanowsky-

stained blood smear (Leishman Stain, xlOOO)
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734.99 nm
50.00 nm
184.22 nm

4.3(c)

AFM line analysis for a horizontal cross-section line profile (Section

2.2.1 1.4) through a normal leukocyte (putative neutrophil). A cell height (V) of 734.99
nm, a cell width (V) of 13.12 pm, and a depression depth ( ) of 184.22 nm was obtained.

20 5 pm

Fig. 4.3(d) An AFM image measuring the cell surface roughness (Area Ra) measurement
of a normal leukocyte (putative neutrophil). The surface roughness of the the area defined
by the box was estimated at 66.74 nm (image size: 28.5 pm x 28.5 pm).
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Fig. 4.3(e)

An AFM three-dimensional, topographic image of a nonnal leukocyte

(putative neutrophil) (image size: 40.5 pm x 40.5 pm).
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Fig. 4.4(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a normal leukocyte (putative neutrophil) (image size: 22.8 pm x 22.8 pm).

Fig. 4.4(b)

A neutrophil in a Romanowsky-stained blood smear (Leishman Stain,

xlOOO).
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130.14 nm
301.14 nm

4.4(c)

I

AFM line analysis for a horizontal cross-section line profile (Section

2.2.11.4) through a normal leukocyte (putative neutrophil). A cell height (V) of 599.87
nm, a cell width (V) of 12.42 pm, and a surface depression depth ( ) of 301.14 nm was
obtained.

Atnn

Fig. 4.4(d)

ni r.^iOi (

An AFM image measuring cell surface roughness (Area Ra) of a normal

leukocyte (putative neutrophil). The surface roughness of the area defined by the box was
estimated at 81.65 nm (image size: 22.8 pm x 22.8 pm).
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Fig.

4.4(e) An AFM three-dimensional, topographic image of a normal leukocyte

(putative neutrophil) (image size: 25.5 pm x 25.5 pm).
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Fig. 4.5(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a normal leukocyte (putative eosinophil) (image size: 30.0 jim x 30.0 pm).

Fig. 4.5(b) An eosinophil in a Romanowsky-stained blood smear (Leishman Stain,
xlOOO).
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Fig. 4.5(c) AFM line analysis report for a horizontal cross-section line profile (Section
2.2.11.4) through a normal leukocyte (putative eosinophil). A cell height
(V) of 647.79 nm, a cell width (V) of 15.25 pm, and a depression depth ( ) of 209.12 nm
was obtained.
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Fig. 4.5(d)

An AFM image measuring cell surface roughness (Area Ra) of a normal

leukocyte (putative eosinophil). The surface roughness of the area defined by the box was
estimated at 154.91 nm (image size: 30.0 pm x 30.0 pm).
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35 [im

Fig. 4.5(e)

An AFM three-dimensional, topographic image of a normal leukocyte

(putative eosinophil) (image size: 35.0 pm x 35.0 pm).
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Fig. 4.6(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of two normal leukocytes (upper cell: putative monocyte, lower cell: putative
lymphocyte) (image size: 35.1 pm x 35.1 pm).

Fig. 4.6(b) A lymphocyte in a Romanowsky-stained blood smear (Leishman Stain,
xlOOO).
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4.6(c) AFM line analysis of a horizontal cross-section line profile (Section

2.2.1 1.4) through a normal leukocyte (putative lymphocyte). A cell height (V) of 624.83
nm, a cell width (V) of 14.28 pm, and a surface depression depth ( ) of 273.50 nm was
obtained.
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Fig. 4.6(d) An AFM image measuring the cell surface roughness (Area Ra) of a nornial
leukocyte (putative lymphocyte). The surface roughness of the area defined by the box was
estimated at 61.99 nm (image size: 35.1 pm x 35.1 pm).
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Fig. 4.6(e) A monocyte surrounded by erythrocytes in a Romanowsky-stained blood
smear (Leishman Stain, xl200).
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Fig. 4.6(f) AFM line analysis of a horizontal cross-section line profile (Section 2.2.11.4)
through a noiTnal leukocyte (putative monocyte). A cell height (V) of 650.81 nm, a cell
width (V) of 15.95 pm, and a surface depression depth ( ) of 194.98 nm was obtained.
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Fig. 4.6(g) An AFM image measuring cell surface roughness (Area Ra) of a normal
leukocyte (putative monocyte). The surface roughness of the area defined by the box was
estimated at 215.78 nm (image size:35.1 |Lim x 35.1 jam).
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Fig. 4.6(h) An AFM three-dimensional, topographic image of two normal leukocytes
(upper cell: putative monocyte, lower cell: putative lymphocyte) (image size: 35.1 pm x
35.1 pm).
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4.2

AFM Analysis of Air-Dried Smears of Acute Myeloid Leukaemia
Leukocytes Before and After Isolation from Human Blood by the
Method of Boyum (1968b)

AFM analysis was performed on a population of malignant cells. An acute myeloid
leukaemia whole blood sample was obtained from the Haematology Department at Cork
University Hospital. Acute leukaemia is associated with primitive cells such as stem cells,
blasts, or “pro” forms (Harmening, 1997) and AML myeloblasts have large blastic nuclei
(Fig. 4.7(b)). As discussed previously (Section 4.1), the AFM images of normal
leukocytes obtained in this study showed significant nuclear detail. Hence, an AML sample
was chosen for study as it was hoped that the large cell nucleus would make the malignant
leukocytes readily identifiable in the AFM images. Leukocytes in air-dried smears of an
AML whole blood sample were studied and measurements of cell height, width, and
surface roughness were obtained (Fig. 4.7-4.11). The AML sample analysed had a
leukocyte count of 130 x 10^ cells/ml, which is approximately twenty times higher than that
of a typical normal whole blood sample. Such high cell numbers allowed AFM imaging of
the AML leukocytes without the isolation and enrichment step (Boyum, 1968b) necessary
prior to imaging normal leukocytes.
A two-dimensional top-view of AML leukocytes is shown in Fig. 4.7(a). The
leukocytes appear as large dark cells surrounded by smaller bright cells which are
erythrocytes. A typical Romanowsky-stained myleoblast is shown in Fig. 4.7(b), it is a
large cell with a moderate amount of cytoplasm and a large blastic nucleus (Harmening,
1997). In the line analysis report for an AML leukocyte (Fig. 4.7(c)) the cell surface
appears quite flat in comparsion to the depression and sinkage of the cell surface seen in the
AFM images of normal leukocytes (Section 4.1). A cell height of 656.3 nm, a cell width of
14.3 |im (Fig. 4.7(c)), and a surface roughness of 29.3 nm was measured (Fig. 4.7(d)).
Another example of an AML leukocyte is presented in Fig. 4.8 and a summary of the
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ranges of the different cell parameters (height, width, surface roughness) measured is given
in Table 4.2.
From the data presented (Fig. 4.7-4.8, Table 4.2) it can be seen that the A^FM
images of AML leukocytes were very different to the AFM images of the Ip-ficoll-isolated
normal leukocytes (Fig. 4.1-4.6). In the two-dimensional top-view images of the AML
leukocytes (Fig. 4.7(a)-4.8(a)), the cells appear dark and large with vei^ little intracellular
detail (e.g. nuclear shape) evident. The line analyses (Fig. 4.7(c), 4.8(b)) show that the cell
surfaces are quite flat lacking the surface depressions observed in the Ip-ficoll-isolated
normal leukocytes (Fig. 4.1(c)-4.6(c)).
One possibility was that the altered surface morphology of the AML leukocytes was
a characteristic of the cells’ pathogenicity. However, it was also considered possible that
the elimination of the Ip-ficoll-isolation procedure for the AML samples could have resulted
in the observed differences between normal and malignant cell surface structure. To
investigate this possibility, the AML blood sample was subjected to the Ip-ficoll-isolation
procedure (Boyum, 1968b) and AFM analysis was performed on smears prepared from the
isolated leukocytes (Fig. 4.9-4.11). The appearance of the Ip-ficoll-isolated AML
leukocytes was markedly different from that of the original AML leukocytes. In all AFM
images of the Ip-ficoll-isolated AML cells, more marked depressions were seen on the
leukocyte surface (Fig. 4.9(b)-4.11(b)) with a concommitant increase in the cell surface
roughness measured (Table 4.2). The ranges of the cell parameters (height, width, and
surface roughness (Area Ra)) measured for the original and separated AML leukocytes are
summarised in Table 4.2.
From the above results it was evident that the Ip-ficoll preparation procedure
(Boyum, 1968b) was affecting cell surface morphology, as assessed by the AFM. This had
not been clear from light microscopic images of isolated leukocytes, although the
granulocytes had appeared to be slightly shrunken (Section 3.2.2.3). It would appear that
these changes were due to the dehydration of the cells during passage through the
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hyperosmotic Ip-ficoll gradient solution (Section 2.2.2). This conclusion is supported by
the study of Boyum (1968b) which also found that exposure to Ip-ficoll caused a degree of
granulocyte dehydration.
In order to confirm this result, and to try to characterise the effect of Ip-ficollisolation on leukocyte morphology, further separation studies using an established
leukocyte cell line were performed, the results of which are presented in the following
section.
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27 5 pm
2290 nm
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0 pm P i
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13 75 pm

27 5 pm

Fig. 4.7(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of an AML leukocyte (image size: 27.5 pm x 27.5 pm).

Fig. 4.7(b)

An AML myleoblast in a Romanowsky-stained blood smear (Leishman

Stain, xlOOO).
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1
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Fig.

Distance
5.24 Um
14.30 lim

Height
656.36 nm
92.45 nm

4.7(c) AFM line analysis of a horizontal cross-section line profile (Section

2.2.11.4) through an AML leukocyte. A cell height (V) of 656.36 nm and a cell width (V)
of 14.30 pm was obtained.
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0 nm

27 5 nni

13.75 nm

Aiea Ka: 29 2875 nm

Fig. 4.7(d) An AFM image measuring the cell surface roughness (Area Ra) of an AML
leukocyte. The surface roughness of the area defined by the box was estimated at 29.28 nm
(image size: 27.5 pm x 27.5 pm).
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Fig. 4.8(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of an AML leukocyte (image size: 21.25 p.m x 21.25 p.m).
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190.64 nm

Fig. 4.8(b) AFM line analysis of a horizontal cross-section line profile through an AML
leukocyte. A cell height (V) of 797.34 nm and a cell width (V) of 12.48 p.m was obtained.
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0 M'*'
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21 25 Mm

10 62 Mm

Aiea Ra; 25 1914 rm

Fig. 4.8(c) An AFM image measuring the cell surface roughness (Area Ra) of an AML
leukocyte. The surface roughness of the area defined by the box was estimated at 25.19 nm
(image size: 21.25 )im x 21.25 |Lim).

195

28 75 nm
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14 38

0 um

14 38 pim

28 75

Fig. 4.9(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a Ip-ficoll-separated AML leukocyte (image size: 28.7 pm x 28.7 pm).

- Repoit -------------------------------u Distance Heiaht
1 21.28 urn 773.41 nm
2 1 8.20 Um 7.24 nm
3 0.97 Um
309.92 nm

Fig.

4.9(b)

AFM line analysis of a horizontal cross-section line profile (Section

2.2.11.4) through an Ip-ficoll-separated AML leukocyte. A cell height (V) of 773.41 nm, a
cell width (V) of 18.20 pm, and a surface depression depth ( ) of 309.92 nm was
obtained.
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14 38 Mm
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14 38 Mm

28 75 Mm

Aiea Ra: leo 1540rm

Fig. 4.9(c) An AFM image measuring the cell surface roughness (Area Ra) of an Ipficoll-separated AML leukocyte. The surface roughness of the area defined by the box was
estimated at 180.15 nm (image size: 28.7 pm x 28.7 pm).
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27 75 Mm

Fig. 4.10(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of an Ip-ficoll-separated AML leukocyte (image size: 27.7 pm x 27.7 pm).
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7.32 llm
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3.14 urn

Heiqht
688.64 nm
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404.46 nm

Fig. 4.10(b)

AFM line analysis of a horizontal cross-section line profile (Section

2.2.11.4) through an Ip-ficoll-separated AML leukocyte. A cell height (V) of 688.64 nm, a
cell width (V) of 17.34 pm, and a surface depression depth ( ) of 404.46 nm was
obtained.
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Fig. 4.10(c) An AFM image measuring the cell surface roughness (Area Ra) of an Ipficoll-separated AML leukocyte. The surface roughness of the area defined by the box was
estimated at 160.64 nm (image size: 27.7 pm x 27.7 pm).
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Fig. 4.11(a)

26 25 Mm

An AFM two-dimensional topview, topographic image, taken in contact

mode, of an Ip-ficoll-separated AML leukocyte (image size: 26.2 pm x 26.2 pm).

* Report -----------------------------------
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Distance
7.08 um
14.64 Um
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Hciqht
599.22 nm
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354.93 nm

Fig. 4.11(b)

AFM line analysis of a horizontal cross-section line profile (Section

2.2.11.4) through an Ip-ficoll-separated AML leukocyte. A cell height (V) of 599.22 nm, a
cell width (V) of 14.62 pm, a surface depression depth ( ) of 354.93 nm was obtained.
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Fig. 4.11(c) An AFM image measuring the cell surface roughness (Area Ra) of an Ipficoll-separated AML leukocyte. The surface roughness of the area defined by the box was
estimated at 206.26 nm (image size: 26.2 pm x 26.2 pm).
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4.3

Assessment of the Effect of Ip-Ficoll-Isolation on Leukocyte
Morphology by Comparative Analysis of Jurkat Cells, Before and
After Separation, Using the AFM

The effect of Ip-ficoll-sepai'ation on cell surface moiphology, which was
detected during AFM analysis of AML leukocytes (Section 4.2), was investigated
I'urther with the aim of confirming and characterising the effect. However, this
necessitated the use of a leukocyte sample which could be imaged by the AFM both
with and without the Ip-ficoll separation procedure. The study could not, therefore, be
performed on a nornial leukocyte population as these cells are not present in sufficient
numbers in whole blood to make AFM imaging, without a prior concentration step, a
possibility. Using AML samples for this purpose was impractical due to the difficulty
of obtaining such samples with any degree of regularity. Thus, the studies were
perfonned using an established leukocyte cell line which offered the following
advantages; firstly, the cells could be cultured to the required concentration to provide a
sufficient number of cells for the perfonuance of AFM studies without the necessity of
an Ip-ficoll-separation step. Secondly, the cell population was homogenous which
allowed a more accurate comparative analysis to be perfomied, as any differences
observed could be more readily attributed to variations in sample preparation methods
rather than to fundamental differences in moiphology between different cell types. The
cell line chosen was a human T cell lymphoma (Jurkat). In the Jurkat cell line the T cells
are at the blast stage of maturity (Weiss et at., 1984) and have lai'ge blastic nuclei (Fig.
4.12(b)).
Thus, Jurkat cells, before and al'ter Ip-ficoll isolation, were imaged with the
AFM, and cell height, width, and cell surface roughness was measured (Fig. 4.124.17). AFM images from three similar experiments are presented, and the ranges of the
cell parameters measured are summarised in Table 4.3.
A two-dimensional top-view of a Jurkat cell, which was not subjected to the Ipficoll-separation procedure, is presented in Fig. 4.12(a). The large blastic nucleus can
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be seen, suiTounded by a higher cytoplasmic rim. The AFM image coiTelates well with
the appeai'ance of a stained Jurkat cell under the light microscope (Fig. 4.12(b)). A cell
height of 831.9 nm and a cell width of 17.9 pm was measured (Fig. 4.12(c)). Further
examples of Jurkat cells which were not exposed to the Ip-ficoll are displayed in Fig.
4.13-4.14.
A two-dimensional top-view image of an Ip-ficoll-isolated Jurkat cell is
displayed in Fig. 4.15(a). The large nucleus occupies the majority of the cell, and a
narrow rim of cytoplasm is visible on the left-hand side of the cell. It can be seen from
the line analysis report (Fig. 4.15(b)) that the central pait of the cell has sunken lower
than the cell margins and a depression depth of 229.3 nm was measured at one point on
the surface. In this image, a greater height contrast is apparent between the cytoplasmic
ring at the cell perimeter and the central nucleai' area, than was present in the images of
those cells not exposed to Ip-ficoll (Fig. 4.12-4.14). Further examples of Ip-ficollisolated Jurkat cells are presented in Fig. 4.16-4.17.
The Jurkat cells which were isolated using the Ip-ficoll gradient appeared to be
more sunken and dehydrated and the sinkage patterns coiresponded to the apparent
position of the nucleus in the two-dimensional topographic images. Tlie results of tlie
AFM moiphological analysis of Jurkat cells are summarised in Table 4.3. No
difference, within the limits of experimental error, was noted in the parameters of cell
height and width between original and Ip-ficoll-isolated cells. A slight increase in cell
surface roughness was noted although this difference was not significant as estimated
by the Student t-test at the 99% conifdence interval. However, the depth of surface
depressions was increased in the cells which had been exposed to the isolation
procedure. This finding is as expected due the dehydrating effect of ficoll on leukocytes
(Section 3.2.2.3) and demonstrates the necessity of exposing all cells to the Ip-ficoll
enrichment procedure before attempting to make comparisons between different cells.
Thus, it may be concluded that the Ip-ficoll separation procedure had an effect
on cell moiphology, which, in combination with air-drying and ethanol-fixation, caused
sinking of the cell surface in the nuclear area. This effect rendered the nuclear area
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clearly visible in AFM images of Ip-ficoll-isolated leukocytes as a detectable height
difference, providing a means of putatively identifying the different leukocyte types
during the AFM imaging of a leukocyte population (Section 4.1).
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25.01 urn
1226 nm

i'
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12.51 nm
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25 01 nm

12 51 nm

Fig. 4.12(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a Jurkat cell (image size: 25.0 pm x 25.0 pm).

%
Fig. 4.12(b) A Jurkat cell in a Romanowsky-stained blood smear (Leishman Stain,
xlOOO).
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S

1
2

Distance
2.43 llm
17.96 urn

Heiaht
831.90 nm
103.17 nm

Fig. 4.12(c) AFM line analysis report for a horizontal cross-section line profile (Section
2.2.11.4) through a Jurkat cell. A cell height (V) of 831.90 nm and a cell width (V) of
17.96 pm was obtained.

25 01

H'
0 nm

12 51 gm

0 i,im
25.01 lAm

Fig. 4.12(d) An AFM image measuring the cell surface roughness (Area Ra) of a Jurkat
cell. The surface roughness of the area defined by the box was estimated at 85.85 nm
(image size: 25.0 pm x 25.0 pm).
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27 23 pm

Oum

Fig. 4.12(e) An AFM three-dimensional, topographic image of a Jurkat cell (27.2 pm x
27.2 pm).
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Fig. 4.13(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode of a Jurkat cell (image size:33.5 pm x 33.5 pm).

Distance

Heiqht

I

1 6.47 um 113i.34 nm
2 19.00 Um S8.01 nm

Fig. 4.13(b)

AFM line analysis of a horizontal cross-section line profile (Section

2.2.11.4) through a Jurkat cell. A cell height (V) of 1131.34 nm, and a cell width (V) of
19.00 pm was obtained.
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I

Aied Ra:

74.1868 r

Fig. 4.13(c) An AFM image measuring the cell surface roughness (Area Ra) of a Jurkat
cell. The cell surface roughness of the area defined by the box was estimated at 74.18 nm
(image size: 33.5 |im x 33.5 |im).

33.59 nm

0 nm

0 nm

Fig. 4.13(d) An AFM three-dimensional, topographic image of a Jurkat cell (image
size:33.5 pm x 33.5 pm).
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Fig. 4.14(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of a Jurkat cell (image size: 49.7 pm x 49.7 pm).
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Heiqht

2.37 Um

108^40 nm

Fig. 4.14(b)

j

AFM line analysis for a horizontal cross-section line profile (Section

2.2.11.4) through an original Jurkat cell. A cell height (V) of 1088.40 nm was obtained.
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Fig. 4.14(c) An AFM image measuring the cell surface roughness (Area Ra) of a Jurkat
cell. The surface roughness of the area defined by the box was estimated at 64.86 nm
(image size: 49.7 |im x 49.7 |im).

49 75 nm

0 pm

0 pm

Fig. 4.14(d) An AFM three-dimensional, topographic image of a Jurkat cell (image size:
49.7 pm X 49.7 pm).

211

856 nm

27 75

I
13 88 nm

0 nm
0 nm
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Fig. 4.15(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of an Ip-ficoll-separated Jurkat cell (image size: 27.7 pm x 27.7 pm).
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1 1.32 urn 838.32 nm
2 12.94 urn 47.02 nm
3 4.29 Urn 229.39 nm

U

Fig. 4.15(b) AFM line analysis for a horizontal cross-section line profile (Section
2.2.11.4) through an Ip-ficoll-separated Jurkat cell. A cell height (V) of 838.32 nm, a cell
width (V) of 12.94 pm, and a surface depression depth ( ) of 229.39 nm was obtained.
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Fig. 4.15(c) An AFM image measuring the cell surface roughness (Area Ra) of an Ipficoll-separated Jurkat cell. The surface roughness of the area defined by the box was
estimated at 55.63 nm (image size: 27.7 pm x 27.7 pm).

28 pm

0 pm

0 pm

Fig. 4.15(d)

An AFM three-dimensional, topographic image of an Ip-ficoll-separated

Jurkat cell (image size: 28.0 pm x 28.0 pm).
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11 pm

Fig. 4.16(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode mode, of an Ip-ficoll-separated Jurkat cell (image size: 23.1 pm x 23.1 pm).
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885.30 nm
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311.04 nm

Fig. 4.16(b) AFM line analysis of a horizontal cross-section line profile (SECTION
2.2.11.4) through an Ip-ficoll-separated Jurkat cell. A cell height (V) of 885.30 nm, a cell
width (V) of 12.52 pm, and a surface depression depth ( ) of 311.04 nm was obtained.
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r

Fig. 4.16(c) An AFM image measuring cell surface roughness (Area Ra) of an Ip-ficollseparated Jurkat cell. The surface roughness of the area defined by the box was estimated at
87.27 nm (image size: 23.1 pm x 23.1 pm).

22
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Fig. 4.16(d) An AFM three-dimensional, topographic image of an Ip-ficoll-separated
Jurkat cell (image size: 22.8 pm x 22.8 pm).
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P"ig. 4.17(a) An AFM two-dimensional, topview, topographic image, taken in contact
mode, of an Ip-ficoll-separated Jurkat cell (image size: 25.1 pm x 25.1 pm).
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Fig. 4.17(b)

AFM line analysis of a horizontal cross-section line profile (Section

2.2.11.4) through an Ip-ficoll-separated Jurkat cell. A cell height (V) of 778.04 nm, a cell
width (V) of 16.58 pm, and a surface depression depth ( ) of 236.34nm was obtained.
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Fig. 4.17(c) An AFM image measuring the cell surface roughness (Area Ra) of an Ipficoll-separated Jurkat cell. The surface roughness of the area defined by the box was
estimated at 49.82 nm (image size: 25.1 pm x 25.1 pm).

38 12 nm

0 nm

Fig. 4.17(d)

An AFM three-dimensional, topographic image of an Ip-ficoll-separated

Jurkat cell (image size: 38.1 pm x 38.1 pm).
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Fig. 4.18 A Romanowsky-stained blood smear of Jurkat cells showing heterogeneity of
cell size, shape and appearance within the population (Leishman StO
.ain, xlOOO).
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4.4

AFM Contact and Non-Contact Imaging in Fluid of Lymphocytes
Bound to a Goat Anti-Human IgG-Coated

Polystyrene Surface

The AFM studies performed in the present work have highlighted the necessity for
a technique which would enable the isolation of specific populations of leukocytes for
study. As discussed previously (Section 3.3.1), an immunoselection procedure was
identified as most suited to this purpose, combining the advantages of specific selection
with the potential ability to bind cells to a solid substrate thus allowing the possibility of
liquid imaging of cells. Lymphocytes, from a mixed population of leukocytes, were
successfully selected and absorbed onto an anti-human IgG-coated polystyrene surface
(Section 3.3.2) and AFM liquid imaging studies were performed, as described below.
Attempts at imaging lymphocytes, captured on polystyrene with goat anti-human
IgG antibody (Section 2.2.7), using contact mode imaging in fluid were unsuccessful. It
was not possible to get an image of the lympocyte surface. To investigate what was
preventing the tip from imaging the cell surface the AFM was placed on the microscope
stage of an inverted light microscope which allowed the scanning process to be monitored
optically on the VCR monitor. It was observed that the cells were swept aside by the
scanning action of the tip and deposited at the scan boundaries. Lymphocytes, after contact
mode scanning with the AFM, are shown in Fig. 4.19. On the left-hand side of the
photograph is a scanned area of the polystyrene which has been swept clear of cells by the
tip, and the lymphocytes, which were deposited in piles by the tip at the scan boundaries,
are seen to the right in the photograph. Some of the lymphocytes became detached from the
polystyrene surface and were observed floating in the buffer. Sweeping and streaking of
cells has been reported in previous AFM studies on unfixed cells, imaged in fluid (Keller et
al., 1992; Weisenhorn et al., 1993; Braet et ai, 1997).
The detachment and sweeping of lymphocytes was attributed to the high contact
forces applied during imaging. The contact force is comprised of the vertical load applied at
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the tip-sample contact point and the shearing forces generated by the lateral scanning
motion. The contact imaging force used in this study lay within the range of 20-50 nN
(Section 2.2.11.2). Forces of 1-30 nN are considered necessary for stable imaging
(Putman et ai, 1994; Hoh and Schoenberger, 1994; Haydon et al., 1996; Radmacher et
ai, 1996; Schaus and Henderson, 1997). However, it has been reported that contact forces
of less than 1 nN are large enough to deform soft samples (Beckman et ai, 1994; Yang and
Zhifeng, 1995) and detachment of cells, which were cultured on glass coverslips, has
occurred at forces of less than 3 nN (Kasas et ai, 1993).
The development of non-contact mode AFM has allowed, to some extent, the
circumvention of such difficulties encountered during contact mode imaging. Non-contact
imaging takes place without physical contact between the tip and sample and is therefore
less damaging to the sample (Section 1.2.3.4). Non-contact imaging results in a more
reliable surface representation and has become the mode of choice for scanning soft
samples such as wet-fixed and living cells (Putman et aL, 1994). In a previous comparative
study of contact versus non-contact imaging of hepatic endothelial cells, it was found that
deformation and streaking artefacts present in contact mode images, was eliminated by
using non-contact mode (Braet et ai, 1996). Thus, it was decided to attempt imaging
immunocaptured lymphocytes using non-contact mode in a fluid environment. However,
imaging of lymphocytes bound to goat anti-human IgG-coated polystyrene surface (Section
2.2.7) using non-contact mode imaging in fluid was also unsuccessful. During the
scanning procedure the lymphocytes became detached from the polystyrene surface and,
thus, it was not possible to obtain an image of the cell surface. The tip was scanned above
the sample surface which makes non-contact imaging considerably gentler than contact
methods (Section 1.2.3.3). However, it is thought that the lateral scanning motion of the
tip created convection currents in the fluid environment which were sufficiently strong to
cause cell detachment. The detachment of cells from the solid substrate could have occurred
in either of two ways: (a) detachment of the cell-antibody complex from the polystyrene or
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(b) breakage of the cell-antibody link, releasing the cell into the buffer solution and leaving
the antibody attached to the polystyrene.
The first process of detachment would perhaps appear to be more likely, at first
assessment. The binding of antigen to antibody takes place by the formation of multiple
non-covalent bonds between the antigen and the antibody binding sites. The multiplicity of
these bonds leads to considerable binding energy (Roitt et al., 1987). However, the goat
anti-human IgG antibody was bound to the polystyrene surface by passive absorption and
the strength of this linkage may perhaps be less than the strength of the cell-antibody link.
Thus, for AFM scanning it may be necessary to increase the strength of binding of the
antibody to the polystyrene. This can be achieved using chemical methods developed to
cross-link biological materials to solid supports (Karrasch et al., 1993). Application of a
coating material to the sample surface has also been used to stabilise specimens in the
presence of the mechanical force of tip movement (Umeda et al., 1995). However, this
precludes the study of native surface structure and may interfere with the accurate
measurement of surface topography.
However, breakage of the cell-antibody linkage is also a possibility requiring
investigation. Wysocki and Sato (1978) reported that five washes with buffer solution was
sufficient for removal of antibody-bound lymphocytes from the polystyrene, indicating that
the link formed under these conditions may not be very strong. This may perhaps be due to
less than optimal interaction between the cell surface antigen and the polystyrene-bound
antibody. This theory is supported by AFM studies performed in Cork Institute of
Technology (O’ Connell, 1998) which have demonstrated that antibody molecules
adsorbed to a solid substrate lie flat on the surface and it would thus appear that the
antibody binding sites are in a less than optimal position for interacting with cell surface
antigens. This possibility was explored in a preliminary study carried out within the
Department of Biological Science in Cork Institute of Technology which resulted in the
successful imaging of immunocaptured erythrocytes on polystyrene using Protein A as an
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anchoring molecule (Cosgrave, 1998). Protein A binds the Fc region of immunoglobulins
with high affinity and previous studies have used it to orient antibodies so that the Fab
regions are more readily available for binding to antigen (Schramm et aL, 1987) (Fig.
4.20). It was hoped that this would result in a stronger linkage between the cell and the
antibody, and of the antibody to the polystyrene (via linkage of the Fc portion to the Protein
A molecule). The erythrocytes were anchored sufficiently strongly to facilitate contact
imaging in air, although contact and non-contact mode liquid imaging was unsuccessful.
Further investigation into the use of antibody-orienting molecules may be of use.
Alignment of immunoglobulins on solid supports yields maximum exposure of their
binding sites and allows their potential as immunocapture agents to be more fully exploited.
This technique has the potential for widescale application in cell selection studies and as a
specimen immobilisation technique for AFM liquid imaging studies. Antibody-orienting
molecules could be used to anchor different types of antibody for the specific selection of
the different leukocyte subpopulations. Successful immobilisation of different leukocyte
populations would allow normal ranges for the different cell parameters to be accurately
determined with the AFM in both a dry and fluid environment allowing cell studies to be
performed under near physiological conditions. It is a well documented fact that air-drying
increases sample rigidity and toughness (Keller et aL, 1992) which provides a more robust
sample for analysis, but effects the study of parameters such as cell membrane elasticity
(Section 5.2). To help overcome these problems new instmments are currently being
designed and produced which are more suited to imaging of biological samples in fluid
environments. The design of these instmments lessens the background “noise” produced
by vibrations created in the fluid during non-contact imaging and which contribute to the
low resolution of non-contact images of biological samples in a fluid environment (Han and
Lindsay, 1998).
Additionally, it was observed in the present study that some of the detached
lymphocytes adhered to the surface of the cantilever and remained attached to the scanning
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cantilever throughout the imaging process. AFM cantilevers are composed of silicon
nitride. Perhaps silicon substrates, like silicon wafers or glass, would provide a higher
affinity surface for cell or antibody binding. This also warrants further investigation in
future studies.
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Fig.

4.19

Lymphocytes,

Immobilised

with

Goat

Anti-Human

IgG

Antibodies to a Polystyrene Surface, After Contact Imaging with the AFM
(Leishman Stain, xlOOO).
Lymphocytes, isolated from whole blood (Boyum, 1968b), were immobilised on a
polystyrene surface coated with goat anti-human IgG antibodies. The cells were imaged
with the AFM in tluid, using contact mode. It was observed during the imaging process
that the lymphocytes were swept along the polystyrene surface by the scanning action of
the tip. To take a closer look at this effect, the lymphocyte sample, after contact imaging
with the AFM, was stained and examined with the light microscope. It can be seen in the
above photograph of the stained lymphocytes, that the area on the right-hand side has been
swept clear of cells by the tip. To the left in the photograph are piles of lymphocytes
deposited by the tip at the scan margins.
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specific binding sites

Fab portion
Fc portion
Antibody molecule

Cell
Antibody molecule
Protein A
Polystyrene

Hg. 4.20 Suggested Mechanism of Immunocapture of Cells on polystyrene
with Protein A.
Protein A binds the Fc regions of immunogloblins and hence can be used to orientate
antibody so that all the Fab regions are available for binding to the cell surface.
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Chapter 5:

Determination of Leukocyte
Elasticity using the AFM

5.1 Introduction

The application of the AP^ to the assessment of the elastic properties of
biological materials has recently gained much attention (Weisenhorn et ai, 1993; Persch
et al., 1994; Rachmacher et ai, 1995). The methodology used to obtain a measure of
the stiffness of biological materials involves recording a force versus indentation curve
(F/I curve) (Tao et ai, 1992; Putman et ai, 1994; Goldman and Ezzell, 1996; Weyn et
al., 1997). The AFM can measure the force felt by the cantilever as the probe tip is
brought into contact with the sample surface. This data is used to produce a force curve
(force versus distance curve) which is a plot of the cantilever deflection as the tip is
brought vertically in contact with, or is withdrawn from, the sample surface.
Experimentally this is done by applying a voltage to the z piezoelectric scanner, which
causes the scanner to expand and contract in the vertical direction.
A typical force curve is illustrated in Fig. 5.1. The distance the tip travels
towards the sample surface is plotted on the x-axis and the AFM photodetector signal
(which is a measure of cantilever deflection) is plotted on the y-axis. The tip approach
occurs in segment ab of the curve. In this region the probe and sample are not in contact
but the tip is moving towards the sample surface. As the tip is brought very close to the
sample surface, the attractive force becomes greater than the spring constant (k) value of
the cantilever. As a result, the tip is pulled suddenly into contact with the sample.
Segment be is known as the “jump-to-contact” region and segment cd shows the
upward deflection of the cantilever. With the tip in contact with the sample, the
deflection increases as the cantilever is brought closer to the sample. Indentation of a
soft sample surface will occur at this point, provided that the cantilever is sufficiently
stiff. The slope of region cd indicates the extent to which the sample is deforming in
response to the force from the cantilever, and is used to derive information about the
hardness of the sample.
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Fig. 5.1 A Typical AFM Force Versus Distance Curve
In segment ab the probe and sample are not in contact and the probe is moving towards
the sample surface. The probe makes contact with the sample at segment be. Segment
cd shows the upward dellection of the cantilever in response to interaction forces
between the tip and sample. The slope of this line is used to derive information about
the hardness of the sample.

Indentation Curves
For hard samples such as silicon or glass which are not deformed, the amount
of deflection of the cantilever is proportional to the applied force. Thus, in the region of
the force curve where the tip and sample are in contact, the amount of cantilever
deflection is equal to the vertical movement of the z scanner. This situation is
represented by a linear slope (Fig. 5.2). The force applied can be calculated from the
cantilever deflection where the relationship F=kd applies, where k is the spring constant
of the cantilever and d is the deflection of the cantilever.
Soft samples, such as the surfaces of living cells, bend or indent under the
contact pressure of the tip. In such cases, the amount of movement of the z piezoelectric
is greater than the corresponding cantilever deflection. The difference between the
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vertical motion of the tip (produced by the z piezoelectric) and the cantilever deflection
corresponds to the indentation of the sample by the tip, and is characteristic of the
softness or elasticity of the sample. To calculate the amount of indentation, the distance
difference between the reference slope (force curve of a glass surface) and the sample
slope is calculated for each point of the force curve where the tip is in contact with the
sample surface (Fig. 5.2). The indentation is then plotted against the corresponding
force to give an indentation curve of the sample. The slope of the indentation curve is a
measure of the elasticity of the sample (Weyn et ai, 1997).
It was decided to investigate the elastic properties of cell membranes with the
AFM with a view to using this as an additional parameter to differentiate between
normal and leukaemic leukocytes. Cell shape is determined by the arrangement of the
cytoskeletal microfilaments and their connecting proteins. Studies have shown gross
changes in the microfilament structure of tumour cells and it has been suggested that
these changes may be expressed in altered cellular elasticity or viscoelasticity (Weyn et
al., 1997). In the present study, a comparative analysis of the elastic properties of
normal leukocytes and chronic myelogenous leukaemia (CML) leukocytes was
performed. CML is a clonal myeloproliferative disorder of the haematopoietic
pluripotent stem cell that has undergone neoplastic transformation and is characterised
by an excessive production of granulocytes and their precursors (Koeffler and Golde,
1981; Champlin and Golde, 1985; Kantarjian, 1988). Neutrophils are the most
abundant leukocyte type present in blood and CML samples usually display marked
neutrophilia at all stages of cell maturation. CML samples were chosen for study
because neutrophils were the most common leukocyte type imaged during studies of
normal leukocytes with the AFM (Section 4.1), and hence the morphology of this
leukocyte type has been characterised to a greater extent in the present study, than other
cell types. AFM analysis was performed on air-dried blood smears of normal and CML
leukocytes as this method of sample immobilisation allowed the successful AFM
imaging of leukocytes earlier in this study (Sections 4.1, 4.2, 4.3). A mixed leukocyte
population was enriched from both normal and CML whole blood samples by passage
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through the an Ip-ficoll gradient (Boyum,

1968b). Subsequent isolation of a

lymphocyte population from the enriched leukocyte fraction was not carried out due to
the difficulties experienced immobilising the selected cells for AFM imaging, as
described earlier (Sections 4.4, 4.5). Identification of the different cell types analysed
was to be achieved using the identification method employed in Section 4.1.
F/I measurements were taken of the surface of normal and leukaemic leukocytes
as an estimation of the cellular elasticity. The results are presented in the following
section.
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Fig. 5.2 Two Combined Force Curves of Soft and Hard Surfaces
The x-axis represents the distance the z piezoelectric scanner travels as the tip
approaches the sample, while the y-axis shows the photodetector signal which records
the deflection of the cantilever. For hard samples that are not deformed, the amount of
deflection in the region of the force curve where the tip and sample are in contact is
equal to the z distance travelled by the tip. This is represented by a linear reference slope
(A). If the sample is soft it is indented by the tip (B) and the z distance travelled by the
tip is greater than the corresponding cantilever deflection. The difference between tip
motion and cantilever deflection is equivalent to the extent of sample indentation. The
indentation is calculated by getting the distance difference between the reference slope
(A) and the sample slope (B) for each point in the region of the force curve where the
tip and sample are in contact.
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5.2

5.2.1

Results and Discussion

Assessment

of the Elastic Properties of Normal Blood

Leukocytes and Chronic Myeloid Leukaemia Leukocytes: A
Comparative Study with the AFM

Leukocytes were isolated from normal and CML whole blood samples using the
method of Boyum (1968b) (Section 2.2.2). Smears of the isolated leukocytes were
imaged in contact mode using a non-contact cantilever and cell surface F/I
measurements were made (Section 2.2.12.2). The cells were not subjected to ethanolfixation for this study. A total of 3 cells were analysed per sample and for each cell F/I
measurements were performed on 3 different sites on the cell surface. The slope of the
F/I plot yielded an estimate of cell elasticity and the mean value of the slopes obtained at
the different sites on the cell surface was calculated, yielding an average elasticity value
for each cell analysed (Section 2.2.12.2).
The F/I curves of measurements made on the surface of normal leukocytes aie
illustrated in Fig. 5.3-5.5. The measured elasticity ranged from 5.7-9.3 nm/nN for one
normal leukocyte, termed cell number 1 (Fig. 5.3) and a mean elasticity of 7.0 nm/nN
was calculated for this cell. For normal cells number 2 (Fig. 5.4) and number 3 (Fig.
5.5) the elasticity values ranged from 4.5-6.5 nm/nN and 2.4-3.5 nm/nN, respectively,
with estimated mean elasticities for the cells of 5.4 nm/nN and 3.0 nm/nN in each case.
From this data a mean value of 5.1 ± 1.2 nm/nN was calculated for normal leukocytes
(Table 5.1). In summary, slight differences in elasticity were observed between the
three normal leukocytes analysed with mean elasticity values ranging from 3.0-7.0
nm/nN.
F/I plots of measurements made on the surface of CML leukocytes are
illustrated in Fig. 5.6-5.8. Elasticity values ranged from 6.1 nm/nN to 6.7 nm/nN for
the three measurements performed on CML cell number 1 (Fig. 5.6) and the mean
elasticity was calculated at 6.4 nm/nN. Similar F/I slope values were recorded for CML
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cell number 2, with slopes ranging from 6.3 nm/nN to 6.8 nm/nN (Fig. 5.7), resulting
in a mean elasticity of 6.2 nm/nN. For CML cell number 3, an average elasticity of 6.7
nm/nN was recorded from measurements which ranged from 6.5 nm/nN to 7.0 nm/nN
for different sites on the cell surface (Fig. 5.8). In summary, for CML leukocytes the
mean cell elasticity ranged from 6.2-6.7 nm/nN for the different cells analysed and an
overall mean elasticity of 6.3 ± 0.1 nm/nN was calculated for CML leukocytes (Table
5.1).
Thus, the elasticity values obtained for Ip-ficoll-isolated normal and CML
leukocytes were identical, within the limits of experimental error. Cellular elasticity was
found to be very low and values were in agreement with the findings of other workers
(Weyn et al., 1997) who recorded very low cellular viscoelasticity for air-dried
malignant mesothelial cells. However, Weyn et al. (1997), reported large variations in
cellular viscoelasticity depending upon the hydration state of the cell, with average
values ranging from 1.4 nm/nN for air-dried cells to 266 nm/nN for non-fixed,
hydrated cells. Thus, it is possible that elasticity differences between normal and CML
leukocytes may be found if such measurements were made on the cells in a hydrated
state.
Both nonnal and CML leukocytes were isolated for AFM study via passage
through an Ip-ficoll gradient solution. Results of morphological studies (Section 4.2,
4.3) illustrated that ficoll appeared to have a dehydrating effect on leukocytes which
resulted in sinkage and collapse of the cell in the nuclear area. To assess any possible
effects of Ip-ficoll preparation on the elastic properties of leukocytes, F/I measurements
were also made on CML leukocytes which had not been exposed to the Ip-ficoll
isolation procedure. The CML sample had sufficiently high leukocyte numbers (27.4 x
10^ cells/ml) to allow AFM imaging without a prior isolation and concentration step.
The passage of leukocytes through the ficoll gradient did not have a measurable effect
on elasticity with mean values of 6.4-6.7 nm/nN obtained for the three CML leukocytes
analysed (Fig. 5.9-5.11). An overall elasticity of 6.6 ± 0.1 nm/nN was calculated
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which is almost identical, within the limits of experimental error, to the value recorded
for the Ip-ficoll-isolated CML leukocytes (Table 5.1).
In the present study, the observed behaviour of both the normal and CML cells
is elastic rather than viscoelastic. Viscoelastic behaviour is manifested by non-linear F/I
plots and is influenced by the rate of loading (z approach and retract speed of the tip). In
setting up the force curve experiments for this study, the rate of loading was varied
without effect, indicating elastic rather than viscoelastic behaviour.
A larger degree of variability in the elasticity measurements was noted for the
normal leukocytes, in comparison to those made on the CML cells. The reason for this
increase in variability is not known although a possible explanation may be as follows:
in this study, AFM contact imaging was performed using a non-contact cantilever as
this was sufficiently stiff (spring constant = 82.5 N/m) to prevent cantilever bending
during F/I measurements on the glass reference surface. However, the image resolution
achievable using a non-contact cantilever was too poor to provide a good image of the
cell, as this cantilever type was too stiff to accurately follow the contours of the cell’s
topography during contact imaging. The cell surface appeared to be deforming under
the contact pressure of the tip but did not appear to be damaged by the imaging process.
The resultant AFM images of the leukocytes revealed very little surface detail and the
different leukocyte cell types could not be identified by their nuclear patterns (the
method for leukocyte subtype identification used previously (Section 4.1)). Therefore,
the cell type analysed in this study could not be determined and F/I measurements may
have been made on different leukocyte types, perhaps contributing to the variation noted
between the normal leukocytes analysed (Fig. 5.3-5.5, Table 5.1). This point needs
clarification before accurate comparisons can be made between cells within a sample
and between sample types. Future investigations should be focused on the purification
of specific leukocyte subpopulations for analysis. Immunoselection procedures have the
potential to select and immobilise the different leukocyte types for AFM studies in air
and in liquid, as discussed previously (Section 4.4).

Measurements of elastic

properties, performed on the different leukocyte subpopulations
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under

near-

physiological conditions, would allow the establishment of normal ranges for the
different cell types, thus allowing accurate comparisons of elastic properties to be made
between normal and abnormal cells.
In conclusion, the results of this pilot study show that the AFM can be used as a
tool to examine the elastic properties of cells. No differences in elasticity were observed
between air-dried normal and CML leukocytes, and it is concluded that these
measurements should be repeated on cells which are in a less dehydrated condition.
Thus, future studies should be directed towards developing a cell selection and
immobilisation procedure so that the physical properties of cells can be studied in a
liquid environment which is closer to physiological conditions. The study was
successful in providing a methodology for measurement of cell elasticity based on the
principle of a force versus indentation curve to obtain the relative stiffness of biological
material (Tao et ai, 1992; Putman et al., 1994; Goldman and Ezzell, 1996; Weyn et al.,
1997).
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Sample Type

n

Elasticity (nm/nN)

Ip-Ficoll-Isolated Normal Leukocytes

3

5.1 ± 1.2

Ip-Ficoll-Isolated CML Leukocytes

3

6.3 ±0.1

Original CML Leukocytes

3

6.6 ±0.1

Table

5.1

leukocytes,

Mean

elasticity

Ip-ficoll-isolated

values
CML

for

Ip-ficoll-isolated

leukocytes,

and

original

normal
CML

leukocytes.
Normal and CML leukocytes were isolated from whole blood samples according to the
method of Boyum (1968b) (Section 2.2.2). Smears of the isolated leukocytes were
rapidly air-dried. A blood smear from the CML whole blood sample was also prepared
and rapidly air-dried. The smears were imaged with a Topometrix Explorer AFM using
contact mode. F/I measurements were made on the surface of the cells and the slope of
the F/I curve derived was calculated to yield an estimate of cellular viscoelasticity
(Section 2.2.12.2). F/I curves were obtained at three different sites on the cell surface
and from these a mean cell value was obtained. The mean values from each of three
cells in the sample were used to calculate a mean ± S.E.M. elasticity for that cell type.
These values are presented in the table, where n is the number of cells analysed.
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Fig. 5.3 A Force Versus Indentation Curve for a Normal Leukocyte
(Cell Number 1).
Leukocytes were isolated from normal whole blood according to the method of Boyum
(1968b) (Section 2.2.2). Smears of the isolated leukocytes were rapidly air-dried and
F/I measurements were made on the cell surface under ambient conditions. The slope of
the F/I curve derived was calculated yielding an estimate of cellular viscoelasticity
(Section 2.2.12.2). The F/I curves obtained at three different sites (a,b,c) on the surface
of a normal leukocyte are shown and slopes of (a) 9.4 nm/nN, (b) 6.1 nm/nN, and (c)
5.8 nm/nN were calculated.
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Fig. 5.4 A Force Versus Indentation Curve for a Normal Leukocyte
(Cell Number 2).
Leukocytes were isolated from normal whole blood according to the method of Boyum
(1968b) (Section 2.2.2). Smears of the isolated leukocytes were rapidly air-dried and
F/I measurements were made on the cell surface under ambient conditions. The slope of
the F/I curve derived was calculated yielding an estimate of cellular viscoelasticity
(Section 2.2.12.2). The F/I curves obtained at three different sites (a,b,c) on the surface
of a normal leukocyte are shown and slopes of (a) 6.4 nm/nN, (b) 5.4 nm/nN, and (c)
4.5 nm/nN were calculated.
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Fig. 5.5 A Force Versus Indentation Curve for a Normal Leukocyte
(Cell Number 3).
Leukocytes were isolated from normal whole blood according to the method of Boyum
(1968b) (Section 2.2.2). Smears of the isolated leukocytes were rapidly air-dried and
F/I measurements were made on the cell surface under ambient conditions. The slope of
the F/I curve derived was calculated yielding an estimate of cellular viscoelasticity
(Section 2.2.12.2). The F/1 curves obtained at three different sites (a,b,c) on the surface
of a normal leukocyte are shown and slopes of (a) 2.4 nm/nN, (b) 2.8 nm/nN, and (c)
3.6 nm/nN were calculated.
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Fig. 5.6 A Force Versus Indentation Curve for a CML Leukocyte (Cell
Number 1).
Leukocytes were isolated from a CML whole blood sample according to the method of
Boyum (1968b) (Section 2.2.2). Smears of the isolated leukocytes were rapidly airdried and F/I measurements were made on the cell surface under ambient conditions.
The slope of the F/I curve derived was calculated yielding an estimate of cellular
viscoelasticity (Section 2.2.12.2). The F/I curves obtained at three different sites (a,b,c)
on the surface of a CML leukocyte are shown and slopes of (a) 6.7 nm/nN, (b) 6.1
nm/nN, and (c) 6.4 nm/nN were calculated.
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Fig. 5.7 A Force Versus Indentation Curve for a CML Leukocyte (Cell
Number 2).
Leukocytes were isolated from a CML whole blood sample according to the method of
Boyum (1968b) (Section 2.2.2). Smears of the isolated leukocytes were rapidly airdried and F/I measurements were made on the cell surface under ambient conditions.
The slope of the F/I curve derived was calculated yielding an estimate of cellular
viscoelasticity (Section 2.2.12.2). The F/I curves obtained at three different sites (a,b,c)
on the surface of a CML leukocyte are shown and slopes of (a) 6.3 nm/nN, (b) 6.6
nm/nN, and (c) 6.8 nm/nN were calculated.
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Fig. 5.8 A Force Versus Indentation Curve for a CML Leukocyte (Cell
Number 3).
Leukocytes were isolated from a CML whole blood sample according to the method of
Boyum (1968b) (Section 2.2.2). Smears of the isolated leukocytes were rapidly airdried and F/I measurements were made on the cell surface under ambient conditions.
The slope of the F/I curve derived was calculated yielding an estimate of cellular
viscoelasticity (Section 2.2.12.2). The F/I curves obtained at three different sites (a,b,c)
on the surface of a CML leukocyte are shown and slopes of (a) 6.5 nm/nN, (b) 7.0
nm/nN, and (c) 6.7 nm/nN were calculated.
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Fig. 5.9 A Force Versus Indentation Curve for a CML Leukocyte (Cell
Number 1).
Leukocytes, from a CML whole blood sample, were immobilised directly in a smears
which was rapidly air-dried. F/I measurements were made on the surface of the cells
under ambient conditions and the slope of the F/I curve derived was calculated yielding
an estimate of cellular viscoelasticity (Section 2.2.12.2). The F/I curves obtained at
three different sites (a,b,c) on the surface of an original (unprepared) CML leukocyte
are shown and slopes of (a) 7.0 nm/nN, (b) 6.6 nm/nN, and (c) 6.9 nm/nN were
calculated.
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Fig. 5.10 A Force Versus Indentation Curve for a CML Leukocyte (Cell
Number 2).
Leukocytes, from a CML whole blood sample, were immobilised directly in a smears
which was rapidly air-dried. F/I measurements were made on the surface of the cells
under ambient conditions and the slope of the F/I curve derived was calculated yielding
an estimate of cellular viscoelasticity (Section 2.2.12.2). The F7I curves obtained at
three different sites (a,b,c) on the surface of an original (unprepared) CML leukocyte
are shown and slopes of (a) 6.8 nm/nN, (b) 5.9 nm/nN, and (c) 6.9 nm/nN were
calculated.
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Fig. 5.11 A Force Versus Indentation Curve for a CML Leukocyte (Cell
Number 3).
Leukocytes, from a CML whole blood sample, were immobilised directly in a smears
which was rapidly air-dried. F/I measurements were made on the surface of the cells
under ambient conditions and the slope of the F/I curve derived was calculated yielding
an estimate of cellular viscoelasticity (Section 2.2.12.2). The F/I curves obtained at
three different sites (a,b,c) on the surface of an original (unprepared) CML leukocyte
are shown and slopes of (a) 6.2 nm/nN, (b) 6.4 nm/nN, and (c) 6.3 nm/nN were
calculated.
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Chapter 6:

Conclusion

6.1

Conclusions

The APM has been used to investigate the surface structure of a wide variety of cell
types (Section 1.2.3.4.3). To date, fixed and dried cells, wet-fixed, and living cells have
been imaged with the AFM. Imaging can be performed on living, unprocessed cells in an
aqueous medium, thus allowing the study of cells under physiologically relevant
conditions. The unique ability of the AFM to study the native cell surface structure
facilitates the direct investigation of possible changes in surface stRicture expressed in
pathological cells.
AFM imaging can be performed under ambient conditions on air-dried, fixed (Butt
et ai, 1990a; Keller

a/., 1992; Henderson, 1994; Zhang e'/<2/., 1995; Zachee £?? ^z/., 1996;

Braet et al., 1998) and unfixed (Gould et aL, 1990; Putman et al., 1992; Shibata-Seki et
al., 1994; Zachee et al., 1994) cells. Imaging of dried, fixed cells can be performed easily,
quickly and at high resolution which may be useful for rapid detection and diagnosis of
pathological conditions (Sections 1.2.3.4.3 and 1.3.7). Cells can also be imaged (live or
fixed) in physiological buffers. To date, a number of AFM studies of living malignant cells
have been carried out (Kasas et al., 1993; Weisenhorn et al., 1993; Goldman and Ezzell,
1996; Kuznetsov et al., 1997; Weyn et al., 1997). The resultant images of the living cells
were dominated by details of structures beneath the cell membrane. This indirect imaging of
the cell’s cytoskeleton allows study of the cytoskeletal structure and organisation in living
cells (Sections 1.2.3.4.4, 1.3.7). Additionally, the AFM can be used to investigate the role
of the cytoskeleton in the mechanical properties of the cell. The function of the cytoskeleton
in cell support and elasticity can be directly assessed by the use of AFM force curves
(Section 1.2.3.4.5). Thus, the AFM can not only image the submembraneous structure of
living cells but also investigate the functional properties of such structures and the loss or
alteration of such properties in disease (Section 1.3.7).
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At the time of commencement of this study the AFM had not been used to study the
surface stmcture of malignant blood cells. The aim of this research was to assess the use of
the AFM as a technique in the elucidation of leukocyte abnormality. To this end, a
comparative analysis of the surface structure of normal and leukaemic leukocytes was
performed through imaging studies and through elasticity measurements of the cell surface.
Initial studies focused on the isolation from human blood of a viable population of
morphologically-intact leukocytes in sufficient numbers for the performance of AFM
studies. To this end, three isolation procedures were assessed which were used in previous
AFM studies to yield an enriched leukocyte population for imaging. The isolation
techniques assessed were the methods of Boyum (1968a,b) which used density gradient
isolation to enrich a lymphocyte population, the method of Wysocki and Sato (1978) which
selected and immobilised a lymphocyte population on IgG-coated polystyrene and the
method of Butt et al. (1990a) which involved the selective absorption of a leukocyte
population onto silanised glass.
The method of Boyum (1968a) successfully isolated viable leukocytes from whole
blood (71% yield) and leukocyte concentrate (58% yield) samples. However, isolation of a
pure lymphocyte population was not achieved with

13%

and 44% granulocyte

contamination of the isolate from whole blood and leukocyte concentrates, respectively. It
was observed that separation of leukocytes into specific subpopulations was somewhat
improved when using whole blood samples, and it was thus concluded that whole blood
was a more suitable sample, than leukocyte concentrates, for subsequent separation trials.
The poor separation of leukocyte concentrate samples may have partly resulted from the
high leukocyte numbers in the sample preventing the efficient separation of the different cell
types.
It was found that the leukocytes were rendered fragile by the lengthy centrifugation
step and were recovered in a weakened physical state. Subsequent immobilisation of the
cells in a blood smear resulted in breakage and damage of the cells, thus leaving the
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leukocytes unsuitable for morphology studies with the AFM. Therefore, it was concluded
that a gentler method to isolate and enrich a lymphocyte population was required. The
method of Boyum (1968b) was selected for study as in this procedure the centrifugation
step was eliminated and separation of the different blood cell types was achieved by
sedimentation at 4°C on an Ip-ficoll gradient.
The method of Boyum (1968b) was demonstrated to be a valid technique for the
isolation of a viable morphologically-intact leukocyte population from whole blood for
AFM studies. The technique achieved some enrichment of the lymphocyte population with
lymphocytes making up 60% of the cell population of the isolate. However, granulocyte
contamination (29%) was also present in this fraction. Leukocyte recovery (50%) was less
than that reported in a previous study by Boyum (1968b) who achieved leukocyte yields of
70%. However, in the present study the isolated leukocyte population was further
concentrated by a short centrifugation step (Section 2.2.2) which provided a sufficient
number of cells for AFM imaging studies.
The morphology of the leukocytes isolated by this method appeared to be
unchanged by the separation procedure, except the granulocytes appeared to be a little
shrunken. The leukocytes proved sufficiently robust to allow immobilisation in a smear
without incurring damage, thus providing a suitable cell population for AFM study.
In order to achieve further purification of the lymphocyte population from the mixed
leukocyte fraction isolated by the method of Boyum (1968b), it was decided to investigate
the possibility of using antibodies specific to lymphocyte surface antigens. For this
purpose, the method of Wysocki and Sato (1978) was assessed for its ability to select and
immobilise a lymphocyte population to an anti-IgG-coated polystyrene surface for AFM
liquid imaging studies. Studies were carried out in which leukocytes, isolated from whole
blood (Boyum, 1968b), were layered onto polystyrene squares coated with goat anti
human IgG antibody. Examination under the light microscope revealed that lymphocytes
bound to the antibody-coated polystyrene surface, but it was not possible to determine if
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the cells were of B cell lineage using the stains employed for light microscopic observation.
However, it is probable that the selected cells were B and not T lymphocytes, as only B
lymphocytes express surface IgG which is specific for the coating antibody. AFM liquid
imaging studies were subsequently performed on the immunocaptured lymphocytes.
The method of Butt et al. (1990a) was briefly assessed for its ability to select and
immobilise a leukocyte population from whole blood using a silanised glass surface. The
technique failed to immobilised a leukocyte population. Four experimental trials were
carried out and in each case erythrocytes bound to the silanised glass surface but no
adherence of leukocytes was observed. This result is in agreement with a previous study
carried out by Butt et al. (1990a) who, over the course of four experimental trials, observed
binding of erythrocytes to the silanised glass in all cases and binding of leukocytes in only
50% of cases (Butt (1997), personal communication).
AFM morphological analysis of normal leukocytes was performed by contact AFM
imaging on ethanol-fixed, air-dried smears of normal leukocytes isolated by the method of
Boyum (1968b). The cell parameters of height, width, and overall surface roughness (Area
Ra) were measured and a preliminary set of values were obtained for different types of
leukocytes. However, difficulties experienced in definitely identifying the different
leukocyte types during AFM analysis, coupled with the scarcity of some leukocyte types,
limited the usefulness of these values when seeking to identify differences between
different cell types.
In the images obtained during this study the isolated leukocytes appeared to be
sunken and collapsed in certain areas. The shape of these sunken areas corresponded to the
nuclear patterns of stained leukocytes seen under the light microscope. This correlation in
appearance between AFM and light microscopic images of leukocytes was used to assign a
putative identity to the different cell types in the mixed leukocyte population imaged.
A similar AFM morphological analysis was also performed on ethanol-fixed, airdried AML leukocytes to enable comparison with normal cells. The AML blood sample had
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a leukocyte count which was approximately twenty times higher than a normal whole blood
sample. Such high cell numbers facilitated direct AFM imaging of leukocytes without the
need for prior isolation and enrichment on an Ip-ficoll gradient.
It was observed that AFM images of the AML leukocytes were very different to the
images obtained of normal cells showing little detail of nuclear structure and a smooth cell
surface. It was unclear whether these differences in the surface morphology between
normal and AML leukocytes were due to the cell’s pathogenicity or due to variations in the
preparation of normal and AML blood samples prior to imaging. To assess the possible
effect of Ip-ficoll isolation on cell morphology a portion of AML leukocytes were exposed
to the Ip-ficoll gradient and AFM analysis was repeated on smears of the isolated AML
cells. It was found that the appearance of the Ip-ficoll-isolated cells was markedly different
from that of the original AML leukocytes with an increase in the surface roughness of the
isolated cells which was reported to be an expression of cellular dehydration in a previous
AFM study by Weyn et al. (1997).
In order to more fully assess and characterise the effects of Ip-ficoll isolation on
leukocyte morphology, further isolation studies were carried out on a Jurkat cell line which
was imaged before and after the Ip-ficoll isolation step. In the resultant AFM images, the
Jurkat cells which had been isolated on the Ip-ficoll gradient appeared more dehydrated,
with collapse and sinkage in the nuclear area of the cell. No difference, within the limits of
experimental error, was noted in the parameters of cell height and width between original
and Ip-ficoll-isolated cells. However, an increase in cell surface roughness, and in the
depth of surface depressions, was noted in the cells which had been exposed to the
isolation procedure. This finding is as expected due to the dehydrating effect of ficoll on
leukocytes and demonstrates the necessity of exposing all cells to the Ip-ficoll enrichment
procedure before attempting to make comparisons between different cells.
AFM liquid imaging studies were performed directly on lymphocytes immobilised
on polystyrene with goat anti-human IgG antibodies. Attempts at imaging the cells using
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both contact and non-contact imaging modes proved unsuccessful. In both cases the
lymphocytes became detached from the polystyrene surface by the scanning action of the
tip and it was not possible to obtain an image of the cell surface. It is thought that the
detachment of lymphocytes from the substrate was due to breakage of the cell-antibody
complex from the polystyrene. This may be perhaps due to less than optimal interaction
between the lymphocyte surface antigen and the polystyrene-bound antibody. To improve
the interaction between the antigen and the capturing antibody the use of a Protein A
anchoring molecule is suggested. Protein A binds the Fc regions of immunoglobulins and
hence orients the cell capturing antibody so that all the Fab regions are available for binding
to the cell surface. This optimises the interaction between the cell and antibody. This
technique was employed in a recent study by Cosgrave (1998) which resulted in the
successful immunocapture of erythrocytes on polystyrene. Additionally, the erythrocytes
were immobilised sufficiently to allow contact AFM imaging studies to be performed,
although these studies should be extended into the liquid phase in future work.
It is suggested that future investigations should further examine the use of antibodyorientating molecules to anchor different types of antibodies for the specific selection of
different types of leukocytes. Successful immobilisation of specifically-selected cells in this
manner should allow normal ranges for the different cell parameters to be accurately
assessed with the AFM, potentially in a fluid imaging environment which would be some
what closer to physiological conditions.
It was also observed, in this fluid-imaging study, that some of the detached
lymphocytes adhered to the surface of the cantilever and remained immobilised throughout
the imaging process. AFM cantilevers are composed of silicon nitride. Perhaps silicon
substrates, like silicon wafers or glass, provide a higher affinity surface for cell or antibody
binding. These substrates should be assessed in future investigations for their ability to
immobilise the antibody-cell complexes discussed above.
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In addition to imaging studies, the AFM was used to measure the elasticity of the
leukocyte surface. A comparative AFM analysis of the elasticity of normal and CML
leukocytes was performed by taking F/I measurements of the cell surfaces of both sample
types (Section 2.2.12). No difference between the estimated mean cell elasticity for Ipficoll-isolated normal (5.1 ± 1.2 nm/nN) and CML (6.3 ± 0.1 nm/nN) leukocytes was
found. In addition, the Ip-ficoll separation did not appear to effect the elasticity of the
isolated cells. The very low elasticity values obtained were in agreement with previous
studies, and were attributed to the dehydrated state of the air-dried cells. Previous studies
(Weyn et al., 1997) reported large variations in cellulai' viscoelasticity depending upon the
hydration state of the cell, with average values ranging from 1.4 nm/nN for air-dried cells
to 266 nm/nN for non-fixed, hydrated cells. Thus, it is possible that elasticity differences
between normal and CML cells may be found if such measurements were made on cells in
a hydrated state. Thus, future studies should be directed towards developing a cell selection
and immobilisation procedure so that the physical properties of cells can be studied in an
environment close to physiological conditions.
Such a specific selection procedure is also important as another problem
encountered in this elasticity study was that the resolution of images of the cells (using a
non-contact cantilever for contact imaging) was too poor to allow the different leukocyte
types to be identified by their nuclear patterns (Section 4.1). As a result, it was not possible
to determine the identities of the different leukocytes analysed and, thus, whether elasticity
is influenced by the lineage of the cell. The performance of elasticity studies under near
physiological conditions would facilitate the establishment of normal ranges for the
different leukocyte types thus, allowing physiologically more meaningful elasticity
comparisons between normal and abnormal cells.
Recent advances in AFM instrumentation enhancing the ability of the AFM to image
and probe cell structure should promote the advancement of the AFM in the area of medical
diagnostics.
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For example, several unique AFM operational modes have been recently developed
which use intermittent contact with the sample and decrease the applied shear forces.
Tapping mode operation is becoming the method of choice to image cells. The suitability of
this mode for imaging living cells was illustrated in a study by Schaus and Henderson
(1997) who investigated the viability of XRI glial cells during and after AFM tapping mode
imaging. The XRI cells were found to remain viable up to 48 hours post-imaging and cell
death rates did not increase. From these results it appears that AFM imaging in tapping
mode, of live cells, does not affect long-teim cell viability and thus appears to be a feasible
method for investigating dynamic cell structure and function over time.
One of the latest imaging modes to be developed is phase imaging. Phase imaging
or phase detection, refers to the monitoring of the phase lag between the periodic signal that
drives the cantilever or the sample to oscillate, and the detected cantilever oscillation signal.
Variations in this phase lag indicate differences in viscosity on a sample surface. Phase
imaging allows the simultaneous acquisition of topography and material properties of the
sample surface such as elasticity, viscoelasticity, adhesion, or friction information.
Molecular resolution images of moving DNA and DNA-enzyme complexes were recently
acquired using phase imaging (Argaman et al., 1997). Such advanced imaging modes may
be applied to the study of cells with the aim of identifying and characterising differences
between normal and abnormal cells, which can then perhaps be used diagnostically.
The most up-to-date SPMs are operable in multiple scanning modes. Advanced
imaging modes such as scanning capacitance, force modulation, and phase imaging, as
well as the more conventional modes of contact, non-contact and tapping mode AFM are
included within the one instrument.
Advances have also been made in the provision of optimal environments for live
cell studies. The latest fluid cells developed are thermostatically-controlled fluid chamber
systems which allow a constant speed perfusion of fluid through the chamber. Using such
a system Ushiki et al. (1999) successfully obtained images of living, cultured epithelial
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cells over a one hour period, at time intervals of 2 to 4 minutes. Acquisition of a series of
sequential AFM images facilitated the production of time-lapse movie records which
allowed the dynamics of epithelial cell surface processes to be studied over time.
Other improvements in the field of AFM instrumentation include the successful
integration of the AFM with a number of established microscopic techniques. The most
basic hybrid instruments have combined the AFM with a classical brightfield microscope.
The latest instruments are equipped with a sample stage that provides rigidity and low
vibration, thereby reducing noise and greatly improving image quality. The observation of
the sample with the light microscope allows the easy location of structures of interest for
AFM study. Recent improvements in instrument design facilitates the simultaneous
application of both techniques and AFM scanning of the sample can now be monitored
optically. A recent study by Ross et al. (1998) investigated the ability of the AFM, in
combination with a light microscope, to identify the surface structures of cells from pleural
and ascitic fluids (associated with mesotheliomas and metastatic adenocarcinomas) for
diagnostic purposes, in place of SEM. The cells of interest were selected (with the light
microscope) in air-dried, stained smears and subsequently investigated by AFM. The AFM
image resolution was not as good as that with the SEM, but it was sufficient to detect
microvilli, phagocytic pits, and lytic holes on the cell surfaces. Additionally, differences
were observed in the number, length, and diameter of microvilli between cells from
mesotheliomas and from metastatic adenocarcinomas. It was concluded that AFM, in
combination with light microscopy, could be performed quickly and easily on stained
smears. Thus, this method could be a suitable tool for obtaining additional information in
routine cytologic diagnosis of effusions.
The highest level of integration for the AFM, to date, has been the integration of the
AFM with bright field, epifluorescence and surface interference microscopes. This hybrid
instrument can be used to simultaneously collect a diverse variety of physical, chemical and
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morphological data (Nagao and Dvorak, 1998) and thus, represents a new approach to the
study of living cells by AFM.
Additionally, EM-based techniques have been introduced into AFTVI studies. Osada
et al. (1998) used the AFM in combination with an electron beam etching method to
examine histological sections of rat epithelium. Ultrathin tissue sections were embedded in
epoxy resin and observed with the AFM after treatment with electron beam radiation. The
resolution of the resultant AFM images was comparable to that obtained with TEM, with
most of the subcellular structures observed in TEM images visible in AFM images. The
electron beam treatment appeared to melt the embedding resin, bringing the subcellular
stmctures into high relief. This method also proved to be less damaging to the sample than
TEM. Continuous imaging of samples with TEM resulted in a deformation of the sample
surface which was absent in sections observed with the AFM. The results of this study
suggest that electron beam etching in combination with AFM may provide a valid method
for the study of subcellular structure of histological samples which is less damaging than
conventional TEM methods.
Continued use of the AFM to probe the mechanical properties of living cells will
provide further insights into the role of cellular mechanics in physiological processes. New
experimental approaches in this field include the development of force integration to equal
limits (FIEL) mapping by Hassen et al. (1998). This technique has produced quantitative
maps of relative cellular elasticity which were independent of the tip-sample contact point
and the cantilever spring constant. Hassen et al. (1998) produced FIEL maps of living
Madine-Darby canine kidney cells which show that elasticity was uncoupled from surface
topography.
The AFM as a force sensing probe has recently been employed in medical research
to study bacterial infection of implanted biomaterials. Bacterial infection of biomaterials
represents one of the main reasons for the failure of transdermal or implanted medical
devices. The first, and least understood step, in biomaterial-associated infections is the
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initial interaction between bacteria and surfaces. Osada et al. (1998) used the AFM to
measure the force of interaction between the tip and a uniform lawn of bacteria immobilised
on glass. By comparing the interaction of cantilever tips with lawns of isogenic E coli.
strains carrying genetic lesions that alter their surface composition, it was possible to
determine the effect of macromolecules such as lipopolysaccharides and capsular
polysaccharides on the adhesion of the bacteria onto solid surfaces.
In conclusion the present study has established a technique for the isolation of a
viable leukocyte population for AFM studies, and provided preliminary data on
morphological and physical characteristics of normal and leukaemic leukocytes. These
studies have illustrated the need for a method by which specific cell types can be selected
from a mixed leukocyte population and immobilised, without the use of fixatives, to enable
both dry and liquid imaging studies to be performed.
Recent advances in AFM instrumentation, the development of new hydrid
instruments, and new imaging modes should all contribute to the establishment of the AFM
as a tool for the elucidation of cellular abnormality, and eventually to its use as a tool in
medical diagnostics.
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Glossary

Glossary
Alkaline phosphatase: An enzyme that is found in a number of tissues but is chiefly
used in connection with diagnosis of bone and liver disease. The granules of normal
granulocytic cells contain alkaline phosphatase; patients with chronic myelogenous
leukaemia (CML) have decreased phosphatase activity.

Anaemia: A condition in which there is decreased oxygen delivery to the tissues. It may
result from increased destruction of erythrocytes, excessive blood loss, or decreased
production of erythrocytes.

Anisocytosis: An alteration in erythrocyte size

CD markers: Cell surface molecules of leukocytes and platelets that are distinguishable
from monoclonal antibodies and may be used to differentiate cell populations.

Complement: A group of serum proteins involved in the control of inflammation, the
activation of phagocytes, and the lytic attack on cell membranes. The system can be
activated by interaction with antibodies of the immune system (classical pathway).

Extramedullary haematopoiesis: Formation of blood cells in sites other than the bone
marrow (i.e. liver and spleen).

Graft-versus-host (GVH) disease: A disorder in which the grafted tissue attacks the
host tissue.
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Haematopoiesis: Formation and development of blood cells, normally in the bone
marrow. (Synonym: Hemopoiesis)

Human leukocyte antigen (HLA): Antigens found in leukocytes that are part of the
major histo-compatibility complex.

Hyperplasia: Excessive proliferation of normal cells in the normal tissue arrangement of
an organ.

Hypocalcaemia: Pertaining to a deficient level of calcium in the blood.

Hypoplasia: Abnormal, deficient, or defective development.

Idiopathic thrombocytopenic purpura (ITP): Bleeding caused by a decreased
number of platelets. The etiology is unknown, with most evidence pointing to platelet
autoantibodies.

Interleukin (IL): A family of polypeptide products (proteins) produced by many cell
types that are involved in lymphocyte recruitment, lymphocyte proliferation, and cellular
responses in immunology.

Leukaemia: A chronic or acute disease of unknown etiologic factors, characterised by
unrestrained growth of leukocytes and their precursors.

Leukoerythroblastosis:

The

presence

of immature

leukocytes

and

nucleated

erythrocytes on a blood smear; frequently denotes a malignant or myeloproliferative
process.
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Lymphocytosis: An increase in lymphocytes within the blood.

Lymphopoiesis: Refers to growth and development of lymphocytes.

Macrocyte: An erythrocyte 9 pm in diameter or larger.

Macrocytic-normochromic anaemia: Anaemia which usually occurs with folate or
vitamin B,2 deficiency.

MHC (major histocompatibility complex): A set of genes found in all mammals
whose products are primary responsible for the rapid rejection of grafts between
individuals and also function in signalling between lymphocytes and cells presenting
antigen.

Microcyte: An abnormally small erythrocyte with a diameter of less than 6 pm.

Neoplasm: A new and abnormal formation of tissue such as a tumour or growth.

Neutropenia: The presence of abnormally small numbers of neutrophils in the circulating
blood.

Neutrophilia: An abnormal increase in neutrophil leukocytes.

Normocyte: A normal erythrocyte.

Poikilocytosis: An alteration in erythrocyte shape.
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Sarcoidosis: A disease of unknown etiology characterised by widespread granulomatous
lesions that may effect any organ or tissue of the body.

Sideroblast: A ferritin-containing normoblast in the bone marrow. Makes up from 20%
to 90% of normoblasts in the marrow.

Spherocyte: An erythrocyte with an abnormal cell shape. Spherocytes are smaller than
normal erythrocytes, have a concentrated haemoglobin content, and have a decreased
surface to volume ratio.

Splenomegaly: Enlargement of the spleen seen in several blood disorders.

Target cell (codocyte): This abnormal erythrocyte looks like a “bull’s eye” with
haemoglobin concentrated in the centre and on the rim of the cell.

Thalassemia: A group of hereditary anaemias produced by either, a defective production
rate of alpha or the beta haemoglobin polypeptide. This disorder is inherited in the
homozygous or heterozygous state.

Thrombocythaemia: A condition marked by increased platelets in the blood.

Thrombocytopenia: Decreased number of platelets.

Thrombocytosis: Increased numbers of platelets.

Thromboembolism: An embolism; the blocking of a blood vessel by a thrombus (blood
clot) that has become detached from the site of formation.
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Tumour necrosis factors (TNFs): A group of proinflammatory cytokines encoded
within the MHC.

Uraemia: The presence of urine or urine components in the blood.
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Appendix

Appendix 1

Addresses of Suppliers

Avondale L-td.

Avondale Laboratories Ltd.,
Banbury, Oxon,
England

Bayer PMC

Bayer House,
Strawberry Hill, Newbury,
Berkshire RG141JA

Becton Dickenson

Becton Dickenson
Labware, 2 Bridgewater
Lane, Lincoln Pk.,
New Jersey 07035

BDH Chemicals Ltd.

BDH Chemicals Ltd.,
Poole, England

Biosciences Ltd.

Bioscience Ltd.,
Crofton Rd., Dun-loaghaire,
Co. Dublin

Dynatech Laboratories Ltd.

Dynatech Laboratories Ltd.,
Daux Rd., West Sussex,
RH14 9SJ, England

Fluka

Fluka,
Biochemika, Airton Rd.,
Tallaght, Dublin 24

GIBCOBRL

Life Technologies Ltd.,
3 Fountain Drive, Inchinnan
Business Park,
Paisley PA4 9RF

Grenier Labortechnik

Grenier Labortechnik,
Maybachstr. 272632,
Frickenhausen, Germany

Jouan Inc.

Jouan Inc.,
Winchester Va,
USA

Merck

Merck,
64271 Darmstadt,
Germany

.Sarstedt Ltd.

Sarstedt Ltd.,
Sinnottstown Lane,
Drinagh, Wexford

Sigma

Sigma Chemical Co.,
PO Box 14508, St. Louis,
MO 63178, USA

Topometrix

Topometrix Ltd.,
5403 Betsy Ross Drive,
Santa Clara, CA 95054

Ultrasharp

NT-MDT Co.,Block B,
South Industrial zone.
State Reasearch Institute of Physical
Problems Zelenograd,
Moscow, 103460, Russia

Wardle Chemicals Ltd.

Wardle Chemicals Ltd.,
Green Lane, Wardle,
Nr. Nantwich,
Cheshire CW5 6DB

